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ABSTRACT 
NEW GENOMIC APPROACHES REVEAL THE PROCESS OF GENOME 
REDUCTION IN PROCHLOROCOCCUS 
 
FEBRUARY 2011 
 
ZHIYI SUN, B.S., NANJING UNIVERSITY 
 
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 
 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
 
Directed by: Professor Jeffrey L. Blanchard 
 
 
Small bacterial genomes are believed to be evolutionarily derived from larger 
genomes through massive loss of genes and are usually associated with symbiotic or 
pathogenic lifestyles. It is therefore intriguing that a similar phenomenon of genome 
reduction has been reported within a group of free-living phototrophic marine 
cyanobacteria Prochlorococcus. Here I have investigated the roles of natural selection 
and mutation rate in the process of Prochlorococcus genome size reduction.  Using a data 
set of complete cyanobacterial genomes including 12 Prochlorococcus and a sister group 
of 5 marine Synechococcus, I first reconstructed the steps leading to Prochlorococcus 
genome reduction in a phylogenetic context. The result reveals that small genome sizes 
within Prochlorococcus were largely determined by massive gene loss shortly after the 
split of Prochlorococcus and Synechococcus (a process we refer to as early genome 
reduction). A maximum likelihood approach was then used to estimate changes in both 
selection effect and mutation rate in the evolutionary history of Prochlorococcus. I also 
examined the effect of selection and functional importance of a subset of ancestor-
viii 
derived genes those are lost in Prochlorococcus but are still retained in the genomes of its 
sister Synechococcus group.  It appears that the effect of purifying selection was strongest 
when a large number of small effect genes were deleted from nearly all functional 
categories. And during this period, mutation rate also accelerated.  Based on these results, 
I propose that shortly after Prochlorococcus diverged from its common ancestor with 
marine Synechococcus, its population size increased quickly and thus the efficacy of 
selection became very high. Due to limited nutrients and relatively constant environment, 
selection favored a streamlined genome for maximum economies in material and energy, 
causing subsequent reduction in genome size and possibly also contributing to the 
observed higher mutation rate.  
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CHAPTER 1 
INTRODUCTION 
 
Genome sizes vary dramatically among living organisms, ranging from several 
kilobases (kb) for the smallest virus (Belshaw et al. 2008, 188-193) to the magnitude of 
106 kilobases for the largest genomes of vertebrates and land plants (NCBI Genome 
webpages, http://www.ncbi.nlm.nih.gov/genome). Multicellular species generally have 
much larger genomes than unicellular species based on complete genomic sequences 
from diverse phylogenetic lineages, though the largest genomes were reported to be 
unicellular protists (Friz 1968, 81-90; Parfrey, Lahr, and Katz 2008, 787-794). This 
disparity is partially attributed to the expansions of genome size in multicellular species, 
which include increases in gene number resulting mostly from gene duplications, and 
dramatic increases in the size and number of intergenic spacers and mobile genetic 
elements (Lynch and Conery 2003, 1401-1404).  
Bacterial genomes are small, ranging from 160 kb (i.e., Carsonella) (Nakabachi 
et al. 2006, 267) to 13,034 kb (i.e., Sorangium cellulosum) (Schneiker et al. 2007, 1281-
1289) (NCBI Genome webpage, http://www.ncbi.nlm.nih.gov/genome). In general 
bacterial genomes are compact, containing >85% coding DNA, and the coding regions 
themselves rarely contain introns (Lynch 2006, 327-349). Also, average gene length is 
effectively constant (~ 0.9 kb for prokaryotes) across genomes (Xu et al. June 2006, 
1107-1108). Therefore, differences in bacterial genome size are primarily the result of 
acquiring new genes through processes of gene duplication and horizontal gene transfer 
and loss of existing genes. Ochman (2005) demonstrated that every clade of bacteria 
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with genome sizes of < 2,000 kb was derived from ancestors with substantially larger 
genomes. This implies that smaller bacterial genomes across diverse phylogenetic 
groups have experienced or are undergoing genome reduction through losing more 
genes than they are gaining. 
There are three well known examples of genome reduction in bacteria: 
pathogens (e.g., Mycoplasma genitalium  (Fraser et al. 1995, 397-403) and Rickettsia 
(Andersson and Andersson 1999, 1178-1191)), endosymbionts (e.g., Buchnera 
(Shigenobu et al. 2000, 81-86), Wigglesworthia (Akman et al. 2002, 402-407); and 
Blochmannia (Gil et al. 2003, 9388-9393)) and marine microbes that play important 
ecological roles in oligotrophic environments (e.g., Pelagibacter ubique (Giovannoni et 
al. 2005, 1242-1245) and Prochlorococcus marinus (Dufresne et al. 2003, 10020-
10025)). Understanding genome reduction is important for understanding the evolution 
of human pathogens, agricultural pests and the effects of climate change. 
Variation in genome size among life forms, just like other evolutionary 
processes, is determined by the universal population-genetic processes—mutation, 
recombination, genetic drift and natural selection (Lynch 2006, 327-349). While all 
genomic regions are subject to various mutational processes, retention of a gene is 
largely determined by natural selection whose efficacy is also affected by population-
level processes such as genetic drift. On the causes of genome expansion of 
multicellular species, Lynch and Conery (2003) proposed that many of the 
modifications of eukaryotic genomes were initiated by non-adaptive processes in 
response to the long-term population-size reductions, and this in turn provided novel 
substrates for the secondary evolution of phenotypic complexity by natural selection. 
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The evolutionary pattern and forces involved in genome reduction have been 
most intensively studied in obligate pathogens and endosymbiotic bacteria. Many of the 
genes that have been lost are the result of relaxed selection on the maintenance of genes 
that are not required for survival in their protected environments (Andersson and 
Andersson 2001, 829-839; Gil et al. 2004, 518-537). In addition, genes are continue to 
be lost, albeit at lower rates, due to increased genetic drift associated with a change 
from free-living to a host-dependent lifestyle (Moran 1996, 2873-2878; Moran 2002, 
583-586). In the cases of insect endosymbiotic bacteria, very few genes have been 
gained through horizontal gene transfer (Tamas et al. 2002, 2376-2379; van Ham et al. 
2003, 581-586; Degnan, Lazarus, and Wernegreen 2005, 1023-1033), hence deletion of 
an inactivated gene sequence is irreversible. Though pathogens can acquire genes via 
lateral gene transfer, it has been demonstrated that obligate parasite genomes are subject 
to far more extensive DNA loss due to inactivation of many unnecessary genes (as a 
result of the transition to host-dependent life conditions) and deletional bias (Andersson 
and Andersson 1999, 1178-1191; Andersson and Andersson 2001, 829-839). One 
question that is still under debate is: What are the consequences of becoming smaller? 
While some consider the reduction of genome size in bacterial endosymbionts as an 
adaptation to their symbiotic life conditions (Gil et al. 2002, 4454-4458), others have 
suggested that Buchnera strains are undergoing a process of genome degradation 
toward an evolutionary dead end based on several degenerate genomic symptoms such 
as accumulation of mildly deleterious mutations, ongoing pseudogene formation, 
continued reduction of the repair systems and accelerated mutation rates (van Ham et al. 
2003, 581-586; Perez-Brocal et al. 2006, 312-313).  
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In contrast to obligate host-associated bacteria, the marine cyanobacterium 
Prochlorococcus is the most abundant known oxygenic phototroph on Earth dominating 
the mid-latitude (40°S to 40°N latitude) oligotrophic oceans and making a significant 
contribution to oceanic primary production (Partensky, Hess, and Vaulot 1999, 106-
127; Garcia-Pichel et al. August 2003, 213-227(15); Goericke and Welschmeyer 1993, 
2283-2294; Li 1995, 1-8; Liu, Nolla H. A., and Campbell 1997, 39-47; Liu et al. 1998, 
2327-2352). It is also the smallest known photosynthetic organism, with a spherical 
diameter of 0.5 to 0.7 µm (Morel et al. 1 August 1993, 617-649(33)). Prochlorococcus 
is believed to have experienced genome size reduction since its divergence from a 
common ancestor with marine Synechococcus (Dufresne et al. 2003, 10020-10025; 
Urbach et al. 1998, 188-201; Rocap et al. 2003, 1042-1047; Dufresne, Garczarek, and 
Partensky 2005; Palenik et al. 2006, 13555-13559; Kettler et al. 2007, e231), from 
which it differs in photosynthetic machinery (Goericke and Repeta 1992, pp. 425-433), 
cell size (Morel et al. 1 August 1993, 617-649(33); Moore et al. 2002, 989-996) and 
elemental composition (Bertilsson et al. 2003, pp. 1721-1731; Heldal et al. 2003, pp. 
1732-1743). Given Prochlorococcus’s free-living life-style and great ecological 
success, it’s intriguing to consider how and why this organism has become smaller in 
big oceans. Due to the important role of marine cyanobacteria in oceanic carbon cycling 
and marine biology, 12 Prochlorococcus and 7 marine Synechococcus genomes have 
been sequenced as of March 2009, and this sequence data provides an outstanding 
opportunity to study the process of genome reduction in free-living bacteria and its 
evolutionary mechanisms. 
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Although small subunit (SSU) ribosomal RNA (rRNA) sequences differ less 
than 3% between Prochlorococcus cells (Urbach et al. 1998, 188-201; Rocap et al. 
2003, 1042-1047; Palenik and Haselkorn 1992, 265-267), natural populations of 
Prochlorococcus show a great amount of phenotypic diversity in pigment ratios, 
nutrition utilization, and virus sensitivity, leading to different ecotypes (Moore et al. 
2002, 989-996; Moore and Chisholm 1999, pp. 628-638; Mann E.L. et al. 2002, 976-
988). In particular, pigment ratio (i.e., the ratio of divinyl chlorophyll b to divinyl 
chlorophyll a, or chl b2/chl a2, both of which pigment complements are unique to this 
genus) seems to be related to genetic differentiation (Partensky, Hess, and Vaulot 1999, 
106-127). All Prochlorococcus isolates so far are assigned to either a tightly clustered 
high-light (HL)-adapted clade (Urbach et al. 1998, 188-201), or a more divergent low-
light (LL)-adapted group (Kettler et al. 2007, e231; Moore, Rocap, and Chisholm 1998, 
464-467). The HL ecotypes have low ratios of chl b2 to chl a2 and are most abundant in 
surface water while LL Prochlorococcus have high chl b2 to chl a2 ratios and are often 
found at the base of the euphotic layer (Partensky, Hess, and Vaulot 1999, 106-127; 
West et al. 2001, 1731-1744). The HL clade is the most recently evolved according to 
the 16S rRNA phylogenetic tree (Partensky, Hess, and Vaulot 1999, 106-127; Urbach et 
al. 1998, 188-201). This clade also has the smallest genomes of any known oxygenic 
phototroph (i.e., 1.66 Mb for P.MED4 as in 2003 (Rocap et al. 2003, 1042-1047) and 
1.64 for P.MIT9301 as in 2009 (Scanlan et al. 2009, 249-299)) with an average size of 
all HL Prochlorococcus genomes sequenced of 1.69 Mb (Table 2.1).  
Although small size Prochlorococcus genomes share many genomic 
characteristics of reduced endosymbiotic bacterial genomes such as an increase in AT 
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content, loss of DNA repair genes and accelerated evolution (Rocap et al. 2003, 1042-
1047; Dufresne, Garczarek, and Partensky 2005, R14), Hu and Blanchard (2009) have 
shown that the modern Prochlorococcus population is under stronger purifying 
selection than marine Synechococcus suggesting that genetic drift is not an influential 
factor in Prochlorococcus. This result is not surprising since Prochlorococcus has 
among the largest population sizes on earth (Dufresne et al. 2003, 10020-10025; 
Dufresne, Garczarek, and Partensky 2005, R14; Ahlgren, Rocap, and Chisholm 2006, 
441-454; Johnson et al. 2006, 1737-1740). There is also evidence suggesting that 
Prochlorococcus has experienced a fair level of genetic exchange within population and 
between different species via interactions with different types of phages (Sullivan, 
Waterbury, and Chisholm 2003, 1047-1051; Sullivan et al. 2005, e144). Therefore, 
other evolutionary forces must have been responsible for genome reduction in 
Prochlorococcus. Is it a result of natural selection or increased mutation rate with 
deletion bias? 
The streamlined Prochlorococcus genomes may be favored by selection 
allowing a substantial economy in energy and nutrients (Dufresne, Garczarek, and 
Partensky 2005, R14; Strehl et al. 1999, 261-266), or higher surface area-to-volume 
ratio, which improves nutrient uptake and is therefore particularly important for life in 
the oligotrophic water (Dufresne et al. 2003, 10020-10025; Dufresne, Garczarek, and 
Partensky 2005, R14). On the other hand, Marais et al. (2007), using computer 
simulation, have demonstrated that a modest increase in mutation rate—as a non-
selective force—can lead to significant genome reduction if there is an important 
fraction of small effect (non-essential) genes in the genome. However, neither a 
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constant high level of strong purifying selection nor an increased mutation rate has been 
explicitly demonstrated in Prochlorococcus yet. 
For my Ph.D. research, I analyzed the complete genome sequences of 12 
Prochlorococcus and a group of marine Synechococcus in order to address the 
following questions: What is the pattern of Prochlorococcus genome size evolution? 
What roles have selection and mutation rate played in producing this pattern? Is the 
small genome size of Prochlorococcus a result of adaptation to an oligotrophic 
environment? And how might genome reduction affect Prochlorococcus’s evolutionary 
potential to cope with a changing environment?   
I reconstructed the ancestral gene sets and the steps leading to current 
Prochlorococcus genomic content in a detailed evolutionary history. Changes of 
substitution rates and selection along the evolution of Prochlorococcus were also 
modeled using a maximum likelihood approach in the same phylogenetic framework in 
order to reveal their potential correlation with genome reduction. In addition, I 
investigated selection and the functional profile of gene loss using a subset of ancestor-
derived genes that are lost in Prochlorococcus but are retained in the sister 
Synechococcus group. The results suggest that small Prochlorococcus genome sizes 
largely resulted from loss of a large number of small effect genes from nearly all 
functional categories early in the evolution of this genus after splitting from 
Synechococcus. Both strong selection and elevated mutation rate were associated with 
Prochlorococcus genome reduction. 
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CHAPTER 2 
THE PROCESS OF GENOME SIZE EVOLUTION OF PROCHLOROCOCCUS 
2.1 Introduction 
Understanding the evolutionary processes that drive genome reduction requires 
determining the rate of both gene losses and gene gains (i.e., genome flux events). In 
particular, the rate of gene loss and its contribution to genome size over time indicate 
the potential evolutionary mechanism of genome reductions. If present-day reduced 
genomes resulted mainly from one or several massive gene loss events, then genome 
reduction is likely to relate to historical changes of environments or population 
structure. In contrast, if gene loss occurs in a progressive manner, then long term 
evolutionary forces such as internal mutation rate or persistent genetic drift are more 
likely to be responsible for reductive genome evolution.  
Comparative studies of closely related symbionts and of endosymbiotic bacteria 
and their free-living relatives (van Ham et al. 2003, 581-586; Moran and Mira 2001, 
RESEARCH0054; Silva, Latorre, and Moya 2003, 176-180; Delmotte et al. 2006, 56) 
have suggested that massive gene losses occurred during the initial stages of 
endosymbiotic bacterial genome reductions and were associated with the major 
transition from a free-living to an intracellular lifestyle. At recent stages of symbiosis, 
evolution genome reduction is still an ongoing process with gradual gene loss, and it 
has been demonstrated that an elevated level of genetic drift due to continual 
bottlenecks during maternal transmission through host lineages is responsible for 
gradual gene loss in both Buchnera aphidicola (Tamas et al. 2002, 2376-2379; van Ham 
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et al. 2003, 581-586) and Blochmannia (Degnan, Lazarus, and Wernegreen 2005, 1023-
1033) genomes.   
In order to correctly infer ancestral genome content and to reconstruct the steps 
(particularly for early stages) of genome size evolution, it is essential to have a 
sufficient number of complete genomes of related organisms with variable genome 
sizes. Because of the significant ecological and evolutionary role of marine 
cyanobacteria (Partensky, Hess, and Vaulot 1999, 106-127), 12 Prochlorococcus and 7 
marine Synechococcus genomes have already been sequenced as of March 2009 (NCBI 
Genome webpages, http://www.ncbi.nlm.nih.gov/genome) and they exhibit large 
variation in genome size, which provide an exceptional opportunity to examine the 
detailed process and evolutionary forces of genome size evolution. 
The goal of the first part of my research was to reconstruct detailed genomic 
fluxes of Prochlorococcus genome evolution. To place each gene flux event (i.e., gene 
loss and gene gain) in an evolutionary context, a reliable species tree onto which gene 
losses and gains could be mapped is essential. Also, identification of different types of 
homology relationships within a genome (i.e., paralogs that are related by duplication) 
and between genomes (i.e., orthologs that evolved from a common ancestral gene) 
(Fitch 1970, pp. 99-113) is a prerequisite for evolutionary genome analysis (Tatusov, 
Koonin, and Lipman 1997, 631-637). In the following part of this chapter, I describe 
how I achieved the first goal by accomplishing three specific aims: (1) to reconstruct a 
reliable phylogeny of marine cyanobacteria using a genomic approach; (2) to develop a 
new method to better resolve orthologs, paralogs and genome-specific genes for a group 
of genomes (>=2); and (3) to employ a maximum parsimony method to reconstruct 
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ancestral genomes and to quantify gene loss and gene gain on the branches of the 
phylogenetic tree. 
2.2 Materials and Methods 
2.2.1 16S rRNA phylogenetic analysis of Prochlorococcus and Synechococcus 
12 Prochlorococcus (P.MED4, P.MIT9515, P.AS901, P.MIT9301, P.MIT9215, 
P.MIT9312, P.NATL1A, P.NATL2A, P.SS120, P.MIT9215, P.MIT9313, P.MIT9303) 
and 10 Synechococcus (S.CC9605, S.CC9902, S.WH8102, S.CC9311, S.WH7803, S. 
RCC307, S. elongatus PCC 6301, S. elongatus PCC 7942, S. Cyanobium PCC 7001 and 
S. PCC 7002) have been completely sequenced and published by March 2009. I first 
built a 16S rRNA phylogeny of the 22 organisms. All Prochlorococcus except for 
P.MIT9303 P.MIT9313 and two Synechococcus RCC307 and Cyanobium PCC 7001 
have only one copy of 16S rRNA and all other genomes have two copies. In total, 32 
16S rRNA sequences for the above 22 organisms were downloaded from NCBI 
ftp://ftp.ncbi.nih.gov/genomes/Bacteria and were aligned using the ClustalW2 software 
(Larkin et al. 2007, 2947-2948). Both ends of the resulting alignment were trimmed 
manually. I then reconstructed a Neighbor-Joining tree using the PHYLIP software 
(Felsenstein 1989, 164-166) and bootstrap resampled 1000 times.  
2.2.2 Data set of comparative genomic analysis 
Based on the 16S rRNA phylogeny, all 12 Prochlorococcus forms a 
monophyletic group, 5 of the marine Synechococcus (S.CC9605, S.CC9902, S.WH8102, 
S.CC9311, S.WH7803) are in the sister group to Prochlorococcus and the other marine 
Synechococcus RCC307 is the closest relative to both clades just branching out from 
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their last common ancestor (Figure 2.1). Therefore the 12 Prochlorococcus and the 5 
marine Synechococcus are the primary genomes for the future comparative analyses. 
Their complete nucleotide sequences were downloaded from the Genome 
Assembly/Annotation Projects section on NCBI ftp://ftp.ncbi.nih.gov/genomes/Bacteria 
in March 2009. At the same time, 31 other published cyanobacterial genomes including 
the marine Synechococcus RCC307 were also downloaded from the same NCBI ftp site 
and were assigned to a big outgroup of other-cyanobacteria. 
2.2.3 Genome re-annotation of 18 marine cyanobacterial genomes 
The published marine cyanobacterial genomes were annotated by different 
methods; therefore variation in gene numbers among these genomes could also result 
from different gene prediction algorithms. To remove this artificial variation from my 
data set, I adopted the transcriptomes that were predicted by the uniform method 
GeneMarkS (Besemer, Lomsadze, and Borodovsky 2001, 2607-2618). I used custom 
Perl scripts to extract corresponding nucleotide sequences for GeneMarkS predicted 
genes, and translate them to protein sequences. Gene function was determined by 
searching each of the predicted protein sequences against the Entrez Conserved Domain 
Database (CDD) for the Pfam (Finn et al. 2008, D281-8) and Clusters of Orthologous 
Groups of proteins (COGs) (Tatusov et al. 2001, 22-28) domain models using the 
Reverse Position-Specific BLAST algorithm (RPSBLAST) implemented in the NCBI 
BLAST search tool. Genes with COG or Pfam annotation were also mapped to Gene 
Ontology (GO) (Ashburner et al. 2000, 25-29) using COG to GO (Michael Ashburner 
and Jane Lomax) and Pfam to GO (Hunter et al. 2009, D211-D215) association files 
downloaded from http://www.geneontology.org/external2go/. 
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2.2.4 Generation of an integrated multi-genome gene homology relationship table 
A preliminary set of orthologous genes between a primary genome and the 
remaining 16 primary genomes was generated using BLASTp. 31 other published 
cyanobacterial genomes were also included in the searching database as the outgroup.  
The inclusion of the large set of other published cyanobacterial genomes during BlastP 
searching allows a low bit score cutoff threshold (40) to be used to generate a “top hit 
list” for each query based on the raw BlastP results, since the scores of the members of 
the primary group must be superior to the scores of the outgroup genomes. Each 
homologous gene set corresponding to one predicted gene in the query genome can 
have at most one ortholog from each of the other 16 primary genomes. This step was 
repeated for all 17 primary genomes and generated 17 genome-specific orthologous 
gene tables. The homologous relationships are not always consistent between genome 
tables. I then compiled all 17 genome-specific gene tables into an integrated multi-
genome gene relationship table. This integrated gene table consists of two types of 
orthologous gene sets. The first type includes consistent orthologous gene sets whose 
homologous relationships have been identified congruently in all the related genome-
specific tables. For other orthologous gene sets sharing at least one gene with a 
consistent set—which usually resulted from gene duplications in some of the 
genomes—if the same putative paralog set has been reported in at least two genome-
specific gene tables and each putative paralog was confirmed by blast result, I would 
add it into the related consistent ortholog set by increasing the gene copy number(s) of 
the corresponding genome(s) by one. This way I excluded some genome-specific gene 
duplications (gene duplication in only one genome) and therefore might have 
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underestimated gene gains at external branches. The second type of ortholog sets are 
consensus sets generated from inconsistent but related orthologous gene sets using the 
majority rule. If part of the homologous relationship doesn’t agree between related 
ortholog sets generated by genome-specific blast searches, I selected the one that was 
supported by the majority of genome-specific blast results.  The less well-supported 
homolog sets were flagged as putative paralogs, manually examined based on the blast 
results and then either returned to or excluded from the integrated gene table.  
2.2.5 Maximum likelihood estimation of substitution rates 
The protein sequences of the consistent orthologous genes were aligned in the 
software ClustalW2 (Larkin et al. 2007, 2947-2948). The corresponding nucleotide 
sequences were then mapped onto the protein alignment using custom Perl scripts to 
generate sets of aligned nucleotide sequences. Synonymous and non-synonymous 
substitution rates were calculated using maximum likelihood based on the HKY85 
substitution model (Hasegawa, Kishino, and Yano 1985, 160-174) as implemented in 
the yn00 program provided with the Phylogenetic Analysis by Maximum Likelihood 
(PAML) software (Yang 1997, 555-556). I then computed the ratios of non-
synonymous substitution rate to synonymous substitution rate (dN/dS ratio or selection 
coefficient) for all the common orthologs. 
2.2.6 Supergene phylogenetic analysis 
I selected the 100 most conserved protein-coding sequences that are evolving 
under the strongest purifying selection (i.e., orthologous genes that have the smallest 
dN/dS ratio means) and concatenated their protein alignments to create a “supergene”. 
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Using this supergene I reconstructed the phylogenetic relationship of the 17 primary 
cyanobacterial genomes and then rooted it by Synechococcus RCC307. (This rooting is 
also supported by previous reported cyanobacterial phylogenies (Chi et al. 2008, 
284508; Zhaxybayeva et al. 2009, 325-339)). ClustalW2 (Larkin et al. 2007, 2947-
2948) was used to align individual protein sequences. I then used Gblocks  (Castresana 
2000, 540-552) to mask gapped and other noisy portions of the concatenated 
alignments, with a minimum block length of 10 amino acids and gaps allowed in any 
alignment position for no more than half of the sequences. I performed a maximum 
likelihood phylogenetic analysis with Tree-PUZZLE primed with a Neighbor-joining 
tree in PHYLIP 3.6a (Felsenstein 1989, 164-166), using the Jones-Taylor-Thornton 
(JTT) (Jones, Taylor, and Thornton 1992, 275-282) amino acid substitution model and 
estimating all parameters from the data.  
2.2.7 Reconstruction of ancestral genomes and genomic flux analysis  
Based on the supergene phylogenetic tree, I reconstructed ancestor genome 
contents for the 17 primary cyanobacterial genomes at each ancestor node. To 
accomplish this, I first converted the above integrated multi-genome gene relationship 
table into a Mrow by 17column character matrix of gene states. In this matrix, each row 
corresponds to a homologous gene set and the 17 columns are the 17 primary genomes. 
Hence every cell in the matrix shows a particular gene’s current state and its copy 
number in the genome associated with that column. The gene state is described as either 
present or absent denoted by a positive integer and “0” respectively. The integer 
corresponds to the gene copy number. This character matrix was then mapped onto the 
supergene phylogenetic tree and then ancestral gene states at internal nodes were 
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inferred using a parsimony method implemented in the software Mesquite (Maddison 
and Maddison 2009. Mesquite: a modular system for evolutionary analysis. Version 2.6 
http://mesquiteproject.org). Therefore, a collection of genes with state N (N>=1) at a 
particular node was considered to be the best set of ancestor genes with N copy(ies) at 
that evolutionary stage; If a gene’s ancestral state was unresolved by the parsimony 
method, I then used the following criterion to determine its evolutionary history. If one 
gene had at least one significant blast hit among other cyanobacteria, I then considered 
it to be an ancestor-derived gene. Otherwise I removed it from the ancestral gene set. 
Finally, a gene loss or gene gain event on an ancestral branch was determined by the 
change in quantity between the two ancestral nodes connecting the branch. 
2.3 Results 
2.3.1 Phylogeny of Prochlorococcus and Synechococcus 
I reconstructed the 16S rRNA phylogeny of 22 completely sequenced 
cyanobacteria by Neighbor-Joining with 1000 bootstrap re-sampling replicates using all 
32 copies of the 16S rRNA sequences (of which P.MIT9313, P.MIT9303 and 
S.CC9605, S.CC9902, S.WH8102, S.CC9311, S.WH7803, S. elongatus PCC 6301, S. 
elongatus PCC 7942 and S. PCC 7002 each have two copies). According to this tree, the 
12 Prochlorococcus forms a monophyletic group, 5 of the marine Synechococcus 
(S.CC9605, S.CC9902, S.WH8102, S.CC9311, S.WH7803) are in the sister group to 
Prochlorococcus. Therefore, I used these 17 genomes as the primary genomes for the 
future analyses. Another marine Synechococcus RCC307 is the closest relative to both 
clades just branching out from their last common ancestor (Figure 2.1) and it is used as 
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a outgroup. I noticed that some internal branches of this 16S rRNA tree have poor 
statistical support (bootstrap value <60%). This is because this tree was based on a 
single gene and its sequence may not contain enough genetic variation for depicting the 
whole evolutionary history. Since a robust phylogeny is the foundation for studying the 
process of genome size evolution, in order to capture sufficient evolutionary signal for a 
more reliable phylogeny, I used a concatenated alignment of 100 most conserved 
protein-coding genes to reconstruct the phylogenetic relationship of the 12 
Prochlorococcus and their sister group of 5 marine Synechococcus. This approach is 
shown to provide higher resolution and robustness of phylogenetic analyses (Wolf et al. 
2001, 8). Conserved protein-coding genes are defined as the ones that are under strong 
functional constraint in all 17 primary genomes. The relative functional constraint is 
indicated by the ratio of non-synonymous substitution rate and synonymous substitution 
rate (or dN/dS). Comparisons of orthologous genes with a lower dN/dS ratio mean are 
considered to be evolving under strong functional constraint, or under strong purifying 
selection. The resulting maximum likelihood tree is shown in Figure 2.2. All internal 
branches of the supergene tree are supported by high statistical values (> =74%). This 
tree has the same topology as the 16S rRNA tree except for the fact that it groups 
P.MIT9211 and P.SS120 together.  The P.MIT9211 and P.SS120 clade (Figure 2.2) 
was supported by previous trees constructed for fewer species (Kettler et al. 2007, e231; 
Luo et al. 2008, e3837). Therefore I am confident that this supergene tree has provided 
a reliable phylogenetic framework for further evolutionary analyses.  
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2.3.2 Core genes of Prochlorococcus and marine Synechococcus 
There are 1102 conserved genes that are shared in the 17 primary marine 
cyanobacterial genomes and are consistently recognized as orthologous genes in all the 
genome-specific ortholgous gene tables generated from BLASTp results. I refer to this 
data set as the “clean-ortholog” set. I also identified another 84 global orthologous gene 
sets, which contain paralog(s) of highly similar protein sequences in at least one 
genome. Together the 12 Prochlorococcus and the 5 sister marine Synechococcus 
genomes have 1186 genes (with single copy or multiple copies) in common, and this set 
represents the core genome of the 17 primary marine cyanobacteria. 
2.3.3 Genome sizes of marine cyanobacteria in a phylogenetic context 
While mapping genome size and gene number onto the phylogeny, there was no 
clear correlation between the genome size and the evolutionary history in the marine 
Synechococcus group; In contrast, Prochlorococcus appeared to have several distinct 
genome size groups with some correspondence to their phylogeny, i.e., the members of 
the low-light-adapted (LL) P. MIT9303 clade (MIT9303 and MIT9313) have the largest 
genome sizes among all the Prochlorococcus, another LL P. NATL clade (NATL1A 
and NATL2A) has moderate genome sizes, and the members of the entire high-light-
adapted (HL) clade (MED4, MIT9515, AS9601, MIT9301, MIT9215 and MIT9312) 
have relatively constant and the smallest genome sizes. Interestingly, two LL 
Prochlorococcus SS120 and MIT9211 also have small sizes compared to other LL 
genomes (Figure 2.2).  In order to test whether gene number is correlated with genome 
size in the Prochlorococcus and in the primary Synechococcus group, I did a regression 
analysis and found these two values were strongly correlated with a very high R2 value 
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of 0.995 (Figure 2.3). Another analysis on the average gene length found no significant 
difference between the Synechococcus group mean and the Prochlorococcus group 
mean, or between the large Prochlorococcus clade (MIT9313 and MIT9303) mean and 
the mean of the remaining Prochlorococcus (Table 2.1). 
2.3.4 The early genome reduction in Prochlorococcus: Gene loss and gene gain 
events in the phylogenetic tree 
2028 ancestor-derived genes were identified in the last common ancestor of 
the12 Prochlorococcus and the 5 marine Synechococcus genomes.  
I first calculated the amounts of total gene loss and total gene gain between the 
last common ancestor and the individual genomes (Table 2.2). I found that 
Prochlorococcus have lost significantly more genes than marine Synechococcus on 
average (Mann–Whitney–Wilcoxon Test, P <10-6). Even for the two Prochlorococcus 
MIT9303 and MIT9313 that have lost relatively fewer genes compared to other 
Prochlorococcus, the amounts of gene loss are still significantly greater than those of 
marine Synechococcus (Mann–Whitney–Wilcoxon Test, P <0.001). Regarding the gene 
gain, both the moderate-size LL P.NATL clade and the large-size P.MIT9303 clade 
have significantly more gene gains than the HL clade whereas the difference between 
the small-size LL P.SS120 clade and the HL clade is not significant.  
I also reconstructed the steps leading to Prochlorococcus genome reduction in a 
phylogenetic context in order to demonstrate the contribution of gene loss and gene gain 
at each major evolutionary stage in the Prochlorococcus evolution (Figure 2.4). These 
data revealed that (1) a large number of genes were deleted shortly after the split of 
Prochlorococcus and Synechococcus, suggesting an early “big shrink” manner. The 
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small sizes of Prochlorococcus were determined before the divergence of the HL clade 
from the LL Prochlorococcus. (2) Both the moderate-size P.NATL clade and the large-
size P. MIT9303 clade had significant gene gains after their divergence from other 
Prochlorococcus (Figure 2.4).  
2.4 Discussion 
In order to understand the process of genome size evolution, I developed a 
pipeline to reconstruct the ancestral genome contents and stepwise gene loss and gene 
gain events in a phylogenetic context of a group of closely related organisms. The 
ancestral genome contents are inferred from homologous get sets in the present-day 
genomes. Different from previous methods (Delmotte et al. 2006, 56; Kettler et al. 
2007, e231), my approach not only uses ortholgous groups but also takes paralogs into 
account. Therefore, it is expected to give better estimates of gene gains. This approach 
is analogous to the algorithm used to derive clusters of orthologous groups (COGs) 
(Tatusov, Koonin, and Lipman 1997, 631-637). Instead of performing pairwise 
sequences comparisons among all the genomes under investigation, my method 
conducts one-to-all comparisons to acquire preliminary sets of orthologous genes and 
then identifies consistent patterns among all the member genomes. The positions of 
gene loss and gene gain events in a phylogenetic tree are estimated under the most 
parsimonious evolutionary scenario, i.e. the scenario with the smallest possible number 
of events. I assign equal weights to gene loss and gene gain. Although from pure 
mechanistic perspective gene loss is “easier” than HGT before selection (Brown 1999), 
Mirkin et al. (2003) demonstrated that gene gain (horizontal gene transfer) and gene 
loss might have approximately equal likelihoods in the evolution of prokaryotes.  
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My analysis of the process of genome size evolution reveals that genome 
reduction in Prochlorococcus was a historical event resulting from massive gene loss 
shortly after the divergence of Prochlorococcus and marine Synechococcus. At recent 
evolutionary stages, all Prochlorococcus genomes have gained more genes than they 
have lost (Figure 2.4). A similar study (Kettler et al. 2007, e231) that used just 
ortholgous groups and a weighted parsimony algorithm with a gene gain penalty of 2 
obtained the same pattern in terms of the net effects of gene loss and gain events along 
the evolution of Prochlorococcus. This suggests that the conclusion of the early genome 
reduction in Prochlorococcus is not sensitive to different methodology and gene loss 
was predominant at early stages. The reconstructed last common ancestral genome is 
expected to be smaller than that of the real ancestor, because it does not include genes 
that were present in the ancestor but lost independently from the Prochlorococcus group 
and the marine Synechococcus group. However, this should not affect the conclusion of 
the early big genome shrink in Prochlorococcus because this type of gene loss usually 
occurred at early stages.   
My result on the process of Prochlorococcus genome size evolution suggests 
that Prochlorococcus has undergone two distinct substages, early big genome reduction 
and recent genome expansion of different scales. Hence, though the two earliest 
diverging Prochlorococcus P. MIT9313 and P. MIT9303 are comparable in size to 
marine Synechococcus, they do not represent the ancestral genome content.  This 
pattern was also recognized and discussed in a recent study (Kettler et al. 2007, e231). 
Therefore, when conducting comparative analyses for Prochlorococcus and 
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Synechococcus, one should not attribute differences in gene content, physiology and 
ecology between present-day large and small genomes simply to genome reduction.  
My finding on the process of genome size evolution in Prochlorococcus 
separates out the reduction process from the current state, thus decoupling genome 
reduction from current ecological niches. In spite of the different physiology observed 
between Prochlorococcus ecotypes (Moore and Chisholm 1999, pp. 628-638; Moore, 
Rocap, and Chisholm 1998, 464-467; Johnson et al. 2006, 1737-1740; West and 
Scanlan 1999, 2585-2591), the small sizes and reductive characteristics of present-day 
Prochlorococcus genomes have been shaped by ancestral environmental conditions that 
existed before the radiation of most Prochlorococcus lineages, and thus also before the 
divergence of HL and LL groups. Unlike endosymbionts—for which the host-
dependent lifestyle has guaranteed them a highly constant and protective environment—
the environment for Prochlorococcus is likely to have been more variable over time. 
The forces that drove Prochlorococcus genome reduction may not still persist.  
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Table 2.1: Sequence information of 12 Prochlorococcus and 5 marine Synechococcus genomes. 
Gene length (nt) 
Genome 
ORF 
count* 
Genome 
size (nt) Mean (s.d.) Median 
Overlapping 
gene count 
Total overlapping 
length (nt) 
Average overlapping 
length (nt) GC content 
P.MED4 1934 1657990 775 (591) 645 155 1591 10.265 0.31 
P.MIT9515 1923 1704176 788 (591) 663 136 1270 9.338 0.31 
P.AS9601 1897 1669886 801 (669) 666 142 1223 8.613 0.31 
P.MIT9301 1894 1641879 789 (590) 657 145 1251 8.628 0.31 
P.MIT9215 1999 1738790 781 (598) 654 153 1493 9.758 0.31 
P.MIT9312 1944 1709204 795 (595) 666 134 1124 8.388 0.31 
P.NATL1A 2141 1864731 756 (615) 609 145 1097 7.566 0.35 
P.NATL2A 2109 1842899 761 (620) 603 130 956 7.354 0.35 
P.MIT9211 1883 1688963 806 (595) 672 162 1334 8.235 0.38 
P.SS120 1912 1751080 814 (607) 675 156 1242 7.962 0.36 
P.MIT9303 2931 2682675 769 (650) 618 309 2176 7.042 0.50 
P.MIT9313 2741 2410873 740 (619) 582 291 2042 7.017 0.51 
         
S.CC9605 2923 2510659 737 (590) 585 337 2444 7.252 0.59 
S.CC9902 2469 2234828 805 (631) 672 291 2008 6.9 0.54 
S.WH8102 2755 2434428 765 (618) 624 347 2732 7.873 0.59 
S.WH7803 2593 2366980 838 (617) 705 317 2163 6.823 0.60 
S.CC9311 2889 2606748 782 (621) 636 315 2333 7.406 0.52 
*ORFs are predicted by the same method of GeneMarkS, the all other analyses are based on GeneMarkS results. 
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Table 2.2: Summary of predicted ORFs, core genes and genomic fluxs in 12 
Prochlorococcus and 5 marine Synechococcus. 
Strains Total ORFs Core genes  
Genes in the 
last common 
ancestor 
Total gene 
loss 
Total gene 
gain 
P.MED4 1897 608 364 
P.MIT9515 1894 631 372 
P.MIT9301 1944 605 343 
P.AS9601 1999 594 343 
P.MIT9215 1934 602 400 
P.MIT9312 1923 594 365 
P.NATL1A 2141 555 478 
P.NATL2A 2109 564 456 
P.SS120 1883 581 327 
P.MIT9211 1912 576 297 
P.MIT9303 2931 293 857 
P.MIT9313 2741 298 750 
S.CC9605 2923 129 708 
S.CC9902 2469 189 407 
S.WH8102 2755 125 546 
S.CC9311 2889 133 685 
S.WH7803 2593 
1186 2028 
120 426 
S. RCC307 2593  
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Figure 2.1: 16S rRNA Neighbor-Joining tree of 22 cyanobacteria. 
I used all copies of 16S rRNA genes within the 22 cyanobacteria genomes to construct a 
16S rRNA tree. All Prochlorococcus except for P.MIT9303 P.MIT9313 and two 
Synechococcus RCC307 and Cyanobium PCC 7001 have only one copy of 16S rRNA 
and all other genomes have two copies (denoted by C1 and C2).  This tree was 
constructed using Neighbor-joining under HKY85 substitution model and bootstrap 
resampled 1000 times. Statistical support value is reported on each branch. 
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Figure 2.2: Phylogeny of Prochlorococcus and marine Synechococcus with genome 
sizes and protein-coding gene counts. 
Phylogenetic relationship of 12 Prochlorococcus and 5 marine Synechococcus is 
reconstructed from concatenation of 100 conserved protein sequences using a maximum 
likelihood analysis with Tree-PUZZLE implemented in PHYLIP 3.6a. Branch length is 
defined as the expected numbers of amino acid substitutions per site. Support for the 
internal branches of the quartet puzzling tree topology is shown in percent. Genome size 
and gene count are reported beside each primary genome. 
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Figure 2.3. Highly correlated genome size and protein-coding gene number in 
marine cyanobacteria.  
Protein-coding genes are predicted using the same method of GeneMarkS. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
27	  
27	  
 
 
 
Figure. 2.4. Summary of gene loss and gene gain events across the phylogenetic tree. 
Ancestral genome contents were reconstructed based on the phylogenetic tree in Figure 2.2 by maximum parsimony. Gene loss and 
gain events are summarized on the branches leading to the major clades of Prochlorococcus. The black number is gene gain and the 
red number is gene loss.  
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CHAPTER 3 
STRONG SELECTION AND ELEVATED MUTATION RATE ASSOCIATED 
WITH PROCHLOROCOCCUS GENOME REDUCTION 
3.1 Introduction 
Variation in genome size among living organisms, just like other evolutionary 
processes, is determined by the universal population-genetic processes—mutation, 
recombination, genetic drift and natural selection (Lynch 2006, 327-349; Lynch 2007). 
While all genomic regions are subject to various mutational processes, retention of a 
gene is largely determined by natural selection whose efficacy is also affected by 
population-level processes such as genetic drift.  
The ratio of non-synonymous substitution (nucleotide changes that alter protein 
function) rate to synonymous substitution (changes that don’t cause amino acid 
replacement) rate—dN/dS ratio—is a measure of selection efficiency. dN/dS  ratio is 
calculated by comparing two homologous nucleotide sequences of the same gene in two 
organisms that share a common ancestor. Comparisons of orthologous genes with a 
lower dN/dS ratio are considered to be evolving under strong functional constraint, or 
under strong purifying selection. When measured at the genome level, dN/dS ratio can 
also be used to compare the population-level selection efficacy between different 
populations, which is always highly influenced by population structure (i.e., effective 
population size) and dynamics (e.g., population bottleneck causing elevated genetic 
drift). The rate of evolution is often calculated by protein distance or non-synonymous 
substitution rate of a fixed time period, which depends not only on the mutation rate per 
individual and also on population structure and the strength and direction of selection. 
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Spontaneous mutation rates, however, are estimated by substitution rates only at silent 
sites, in order to remove the influence of selection on sequence evolution (KIMURA 
1968, 624-626)—though in some cases when genes are subject to strong codon usage 
bias (i.e., translational selection favors optimal codons that reflect the composition of 
genomic tRNA pool), an interplay between mutation rate and selection is inevitable. 
The evolutionary forces involved in genome reduction have been most 
intensively studied in obligate pathogens and endosymbiotic bacteria. Their reduced 
genomes have been ascribed to increased genetic drift associated with a change from 
free-living to a host-dependent lifestyle (Moran 1996, 2873-2878; Moran 2002, 583-
586) and deletional bias (Andersson and Andersson 1999, 1178-1191; Andersson and 
Andersson 2001, 829-839). Pairwise dN/dS ratios and substitution rates have been 
calculated across several endosymbiont lineages and across their free-living relatives 
(Wernegreen and Moran 1999, 83-97). Higher dN/dS ratios were observed in 
endosymbionts than in the related free-living bacteria, suggesting that selection is 
ineffective in eliminating weakly deleterious mutations from endosymbiont populations 
and thus demonstrating the effects of increased drift on sequence evolution in these 
bacteria. However, the use of pairwise dN/dS ratio is limited by the genetic distance 
between the pair of orthologous sequences. As the genetic distance gets bigger, dS tends 
to saturate making precise calculation of the ratio almost impossible. Therefore, the 
pairwise dN/dS approach is not suitable for testing evolutionary forces at early stages in 
genome reduction. Phylogenetic analysis of molecular sequences using maximum 
likelihood (PAML) (Yang 1997, 555-556) integrates the information from present day 
sequence data and sequence evolution models with phylogeny to estimate evolutionary 
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parameters (e.g., dN/dS ratio, nucleotide substitution rate) at different evolutionary 
stages. This approach provides a good solution for addressing the roles of different 
evolutionary forces throughout the process of genome reduction.   
Dufresne et al. (2005) examined substitution rates in the first four sequenced 
marine cyanobacterial genomes, including three Prochlorococcus and one marine 
Synechococcus, and found saturation at synonymous sites for all genome pairs. Thus 
they were unable to evaluate the role of selection directly. Based on the calculation of 
amino-acid substitution rate and dN they reported an accelerated evolution rate 
associated with genome reduction in Prochlorococcus. They further argued that because 
of the very large size of Prochlorococcus field populations and conserved sequences of 
housekeeping genes, Prochlorococcus must have been subject to very strong purifying 
selection and therefore the observed accelerated protein evolution rate resulted merely 
from an increase in mutation rate. Based on this assumption, they proposed that 
selection for a more economical lifestyle has been the major driving force for genome 
reduction within the Prochlorococcus radiation. However, evolution rate does not does 
not allow us to distinguish the effects of mutation rate and natural selection. Also a 
constant high level of strong purifying selection, which is the basis of this theory, was 
not fully demonstrated either.  
Using a completely different approach, Marais et al (2007) showed based on 
computer simulation that a modest increase in mutation rate could lead to significant 
genome reduction even in an organism having the largest population size on Earth, as 
long as there is an important fraction of small effect (non-essential) genes in the genome 
(Marais G.A., Calteau A., and Tenaillon O. 2007). Increased mutation rate—as a non-
   31	  
selective force—was suggested to be the alternative primary cause of genome reduction 
in free-living bacteria. However, this simulation-based hypothesis has not been tested 
using any real data yet. 
My goal in this chapter is to estimate the effect of natural selection, substitution 
rate and mutation rate at different stages of Prochlorococcus evolution using a 
maximum likelihood approach. I also evaluate the relative roles of natural selection vs. 
mutation rate in driving genome reduction in Prochlorococcus.   
3.2 Materials and Methods 
3.2.1 Maximum likelihood analysis of sequence evolution 
Protein sequences of the common orthologs were aligned in the software 
ClustalW2 (Larkin et al. 2007, 2947-2948). The corresponding nucleotide sequences 
were then mapped onto the protein alignment using custom Perl scripts to generate sets 
of aligned nucleotide sequences. Nucleotide substitution rates and dN/dS ratios were 
calculated all using maximum likelihood method as implemented in the PAML package 
(Yang 1997, 555-556). All the calculations were based on the HKY85 substitution 
model (Hasegawa, Kishino, and Yano 1985, 160-174). Pairwise dN/dS ratios were 
calculated by the yn00 program. The codeml and baseml programs were used to 
estimate dN/dS ratios and substitution rates respectively in a pre-determined phylogeny.  
I used the topology of the previously reconstructed supergene tree (Figure 2.2). Both 
phylogenetic dN/dS ratios and substitution rates were calculated under different branch 
models. All model-related parameters (e.g., base frequencies and transition/transversion 
rate ratio) were estimated from data. For substitution rate, variation across sites was also 
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modeled by discrete gamma distribution with five rate categories. The likelihood value 
under each model was also reported by PAML, which I used for model selection and 
hypothesis testing based on the likelihood ratio test. 
3.2.1.1 Hypothesis testing of dN/dS ratio heterogeneity across the tree 
I first tested dN/dS ratio heterogeneity across the tree by comparing the one-ratio 
model (one ω parameter for the entire tree) with a free-ratio model (a different ω 
parameter for each branch in the tree) using a data set of concatenated codon sequences 
of 1102 clean-orthologous genes. A likelihood ratio test showed that the free-ratio 
model fits the data significantly better (P < 0.001) than the one-ratio model. The 
parameter rich nature of the free-ratio model can lead to unstable results and non-unique 
estimates. Therefore I designed a set of reduced branch models and used a hypothesis 
testing strategy to verify the observed ratio changes across the tree under the free-ratio 
model. All reduced models are described in Table 3.2. The first two-ratio model (Model 
2-1), which assigns two ratio parameters to all Synechococcus and all Prochlorococcus 
respectively, was compared with the one-ratio model to test whether Prochlorococcus 
have a significantly different ratio from Synechococcus. The second two-ratio model 
(Model 2-2) assumes that branch #1 (the ancestral branch of the last common ancestor 
of Prochlorococcus) has the same dN/dS ratio as Synechococcus and was compared 
with Model 2-1. If Model 2-1 has a higher likelihood value, then branch #1 is most 
likely different than Synechococcus. The first three-ratio model (Model 3-1) assigns a 
new ratio parameter for branch #2 (the ancestral branch of the last common ancestor of 
Prochlorococcus except for the P.MIT9303 clade), and therefore if it fits the data 
significantly better than the two-ratio models, branch #2 is most likely to have a 
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significantly different ratio than other Prochlorococcus branches.  The other three-ratio 
models (Model 3-2, 3-3 and 3-4) are used to test if the descending branches have the 
same dN/dS ratio as branch #2 by comparing their likelihood values with Model 3-1. 
Both Model 4-1-1 & 4-1-2 are based on Model 3-1 but having an extra parameter for 
either branch #4 that leading to the HL clade (Model 4-1-1) or for the branch #4 and the 
entire HL clade (Model 4-1-2). They are designed to test if branch #4 has a different 
ratio than other branches including its descending branches within the HL clade. 
Similarly, Model 4-2 gives an extra ratio parameter for the P.MIT9303 clade based on 
Model 3-1. It is used to test whether dN/dS ratios changed after the P.MIT9303 clade 
diversified from its Prochlorococcus ancestor.  
3.1.1.2 Model selection for maximum likelihood substitution rate analysis 
Similar to what was done for the dN/dS ratios, I first applied a free-rate (no-
clock) model (a different rate parameter for each branch in the tree) and a global clock 
model (one constant rate for the whole tree) to a data set of concatenated nucleotide 
sequences of the 1102-clean-orthologs from the 12 Prochlorococcus and the outgroup 
Synechococcus RCC307. The likelihood ratio test between the above two models 
yielded a highly significant P-value (< 10-6) in favor of the no-clock model. I then fitted 
ten two-rate models of which each assigned the second rate parameter to a different 
ancestral branch (branch o, i.e., the branch of the outgroup genome, and branch #1 to 
#9. See Fig. 3.4 for branch labels) in addition to the background rate for all other 
branches. If any ancestral branch increases the likelihood significantly, then that branch 
is very likely to have experienced a different substitution rate than the others. Except for 
the outgroup branch and branch #1, addition of a new rate parameter to any other 
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branch led to an increase in likelihood (Table 3.3: Model A-J). Based on this result, I 
adopted a nine-rate-group model, which assigns eight additional rate parameters for 
branch #2 to #9 besides the background, and I refer to it as the full model. I then started 
to remove parameters from the full model and used likelihood ratio test to compare the 
reduced model with the full model. 
3.3 Results 
3.3.1 The effect of natural selection on present-day Prochlorococcus and 
Synechococcus populations 
Accurate estimation of dN/dS ratios relies largely on correct prediction of the 
synonymous substitution rate. As the genetic distance between two orthologous 
sequences increases, multiple substitutions are more likely to occur at the same sites 
therefore making the inference of substitution rate at synonymous sites (dS) more 
difficult and less reliable. Based on my calculation of the synonymous substitution rates 
of the 1186 orthologous genes, only the within-HL clade pairs and two LL pairs (i.e., 
P.NATL1A and P.NATL2A pair; P.MIT9303 and P.MIT9313 pair) of 
Prochlorococcus have average dS values below 3, and all other pairs are above 
saturation. On the other hand, average synonymous substitution rates for all 
Synechococcus genome pairs are approximately at the same level, ranging from 1.83 to 
2.40. Therefore I only computed the dN/dS ratios of the six 1st-neighbor genome pairs 
(i.e., P.AS9501-P.MIT9301, P.MED4-P.MIT9515, P.NATL1A-P.NATL2A, 
P.MIT9303-P.MIT9313, S.CC9605-S.CC9902, S.WH87803-S.C9311) whose pairwise 
dS means are below 3. The two Prochlorococcus HL-clade pairs with the smallest 
genome sizes also have the smallest average dN/dS ratios (Table 3.1). Surprisingly, the 
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P.MIT9303 pair has the highest dN/dS mean among all pairs—even greater than the two 
Synechococcus pairs. Also the genome-level dN/dS ratio of one HL-clade pair (PH2) is 
not significantly different than that of a Synechococcus pair (S1) (Student’s t-test P-
value= 0.278), suggesting that modern Prochlorococcus populations are not necessarily 
subject to stronger purifying selection than Synechococcus. 
3.3.2 Purifying selection was extremely efficient during Prochlorococcus genome 
size reduction  
To determine the evolutionary forces responsible for genome size reduction in 
Prochlorococcus, I carried out a phylogenetic analysis of codon sequences using 
maximum likelihood to estimate dN/dS ratio heterogeneity across the tree. Besides the 
12 Prochlorococcus genomes, I also included two sister Synechococcus genomes 
S.WH8102 and S. WH7803 (each of which represents a major clade of the sister 
Synechococcus group) and the outgroup S.RCC307 in the analysis, in order to provide 
information for the ancestral branch of the last common ancestor of Prochlorococcus. 
S.RCC307 was screened for orthologs and all the 1102 clean-orthologous genes that are 
shared in the 17 primary genomes were also identified in S.RCC307. Using the codeml 
program implemented in PAML package, I first applied the one-ratio model, which 
assumes the same ω parameter (i.e., dN/dS ratio) for the entire tree.  This resulted in a 
log likelihood value of l1 = -9300717.053. I then fitted a free-ratio model, which 
assumes a different ω parameter for each branch in the tree and got a log likelihood 
value of lf= -9239310.892. A likelihood ratio test showed that the difference between 
the two models is significant (P <0.001 for a χ2 distribution with df=23), and the free-
ratio model fits the data significantly better than the one-ratio model. This indicates that 
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the dN/dS ratios are indeed different among lineages. I ran the free-ratio model multiple 
times with different initial parameter values to check if the results are stable. Although 
the absolute values of the maximum likelihood estimates are slightly different between 
different runs, they always show the same trend and scale of relative ratio changes.  
Figure 3.2 A shows a representative set of the maximum-likelihood dN/dS ratios 
under the free-ratio model. This result suggests that: (1) purifying selection has more 
effectively constrained the evolution of amino-acid-changing sequences in 
Prochlorococcus (lower dN/dS ratio) than in marine Synechococcus; (2) there are 
consecutive decreases in the ratio on branch #1 and branch #2, implying that the 
efficiency of purifying selection increased shortly after Prochlorococcus diverged from 
marine Synechococcus; (3) the efficacy of purifying selection was greatest during the 
major period of Prochlorococcus genome shrinkage; and (4) after genome reduction 
and along Prochlorococcus genome diversification, the efficacy of purifying selection 
decreased on individual lineages and has remained relatively constant to this day, 
except for a slight decrease on branch #4 that leads to the HL clade.  
I further tested each of the above hypotheses using reduced branched models 
with fewer parameters, which give more robust results (see Materials and Methods). 
The log likelihood values and maximum likelihood estimates of corresponding reduced 
models are reported in Table 3.2 along with the likelihood ratio test results. All tests 
corroborate my previous hypotheses indicating an association of strong purifying 
selection with genome size reduction early in the evolution of Prochlorococcus. 
Moreover, a comparison between Model 4-1-(1) and 4-2-(2) confirms that branch #4 
has a higher ratio than its descending branches within the HL clade, implying that the 
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population level selection efficacy might have decreased at the initial stage of the 
divergence of HL Prochlorococcus ecotypes. The maximum likelihood dN/dS ratios 
under a five-ratio-branch-model are reported in Figure 3.2 (B). In this model ω0 = all 
Synechococcus branches; ω1 = branch #2; ω2 = branch #6 and P.MIT9303 clade; ω3 = 
branch #4; and ω4 =Prochlorococcus background ratio (i.e., branch #1, branch #3, 
branch #7 and P.SS120 clade, branch #8 and P.NATL clade, branch #5, branch #9 and 
the entire Prochlorococcus HL clade). 
3.3.3 Changes of substitution rate in the evolutionary history of Prochlorococcus  
To provide a basis for detailed inferences about the evolution of substitution 
rates in Prochlorococcus, I carried out a maximum likelihood analysis to estimate rate 
heterogeneity in the context of a phylogenetic tree including the 12 Prochlorococcus 
and the outgroup Synechococcus RCC307. This tree is a sub-tree of the previously 
constructed supergene tree (Figure 2.2). Using the baseml program implemented in the 
PAML package, I first applied a free-rate (no-clock) model, which assumes a different 
rate parameter for each branch in the tree, to a data set of concatenated nucleotide 
sequences of 1102 clean-orthologous genes. The log likelihood value under this model 
is lf = -8276892.08. The global clock model, which assumes one constant rate for the 
whole tree produced l1 = -8336517.05. The likelihood ratio test between the above two 
models yielded a highly significant P-value (< 10-6) in favor of the no-clock model, 
indicating that substitution rates did change in the course of Prochlorococcus evolution. 
I then applied different branch-models to this data set by assigning branches to 
different parameter groups and used the likelihood ratio test to select the best model (the 
one with the maximum likelihood). Detailed model selection methods are described in 
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the Materials and Methods, and results are summarized in Table 3.3. The results suggest 
that: (1) branches #5, #7, #8 and #9 do not have significantly different rate than the 
background rate; (2) branch #6 has a significantly lower rate than the other branches; 
(3) substitution rates on the three consecutive branches branch #2, #3 and #4 are 
significantly different than the background rate and all appear to be higher. I further 
tested if any two or all three consecutive branches have the same rate (Table 3.3: Model 
M1, M2 and N). It turned out that the four-rate-branch-model—Model M1, which 
assumes the same rate for branch #2 and branch #3 and a different rate for branch #4 
(i.e., r0=background, r1=branch #2= branch #3, r2=branch #4 and r3=branch #6)—is the 
best model for describing the sequence evolution of Prochlorococcus (Table 3.3). The 
maximum-likelihood estimates of substitution rates under this model are shown in 
Figure 3.3. I replicated this analysis 10 times and always got the same likelihood value 
and the same set of estimates. The above results together suggest an increase in the 
nucleotide substitution rate on branch #2.  Since then a general elevated rate has 
persisted in the high-light adapted Prochlorococcus lineage, whereas all three low-light 
adapted clades slowed down their sequence evolution rates to some extent after their 
individual divergence. 
3.3.4 Mutation rate accelerated during Prochlorococcus genome size reduction 
The above maximum likelihood substitution rates are estimated from the total 
nucleotide changes at both synonymous and non-synonymous sites. Therefore an 
altered substitution rate can result from either a mutation rate change, a change in the 
ratio of non-synonymous and synonymous substitution rates, or a combination of the 
two. By comparing the relative changes of substitution rate and the ratio of non-
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synonymous and synonymous substitution rates in the same phylogenetic framework, I 
was able to tease out the effect of mutation rate and trace it along the evolution of 
Prochlorococcus. For example, there are two possibilities for a decreased dN/dS ratio 
on branch #1: (1) an unchanged or decreased synonymous substitution rate and a 
decreased non-synonymous substitution rate, which means a decreased total substitution 
rate; or (2) an increased synonymous substitution rate and an unchanged or decreased 
non-synonymous substitution rate. However, because substitution rate didn’t change on 
branch #1, the first explanation can be ruled out. Therefore the observed decrease in 
dN/dS ratio on branch #1 must result from an increase in the synonymous substitution 
rate and a decrease in the non-synonymous substitution rate. Relative changes in the 
strength of purifying selection (s), combined substitution rate (r) and mutation rate (µ) 
are summarized in Table 3.4. Relative changes of mutation rate on the branches in the 
phylogenetic tree are also shown in Figure 3.4. It appears that mutation rate increased 
early in the evolution of Prochlorococcus during the genome reduction period (branch 
#1 and branch #2). 
I noticed from the supergene tree a distinct long branch leading to the HL 
Prochlorococcus clade (Figure 2.2), which indicates an accelerated evolution rate. To 
look into that, I calculated relative non-synonymous substitution rates between each of 
the 17 in-group genomes to the outgroup Synechococcus RCC307 for all the common 
orthologs. The HL Prochlorococcus clade had higher average and median non-
synonymous substitution rates than any other clade (Figure 3.5). This observed 
accelerated protein evolution rate in the HL clade does not necessarily contradict the 
results in Table 3.4. The branch leading to the HL Prochlorococcus clade (branch #4) 
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retained the high substitution rate since the early stages while substitution rates 
decreased along other branches (Figure 3.3). Since dN/dS ratio was slightly increased on 
this branch (Figure.3.2), amino-acid-altering mutations must have occurred at an 
elevated rate on that branch, thus resulting in the observed higher protein distance 
between the HL clade and the outgroup genome.  
3.4 Discussion 
Pairwise dN/dS ratios suggest that modern Prochlorococcus populations are not 
necessarily subject to stronger purifying selection than Synechococcus, though the 
efficacy of selection is highest on some HL Prochlorococcus across all genome regions.   
The observed variation in genome-wide dN/dS ratios probably indicates 
different population sizes of modern marine cyanobacteria. Change of any constraining 
environmental parameter usually alters selective pressure on a particular group of genes 
whereas genome-wide selection efficacy largely depends on effective population size—
i.e., selection in large populations is more efficient than in small populations, which are 
subject to increased levels of genetic drift. High-light adapted (HL) Prochlorococcus 
ecotypes appear to have the largest population sizes. Previously they were also reported 
to be the most numerically abundant marine cyanobacteria in the field (Ahlgren, Rocap, 
and Chisholm 2006, 441-454). In contrast, low-light adapted (LL) Prochlorococcus 
may not necessarily have larger population sizes than Synechococcus. Also my data 
suggests that population size varies among LL Prochlorococcus, and specifically the 
P.NATL clade (P.NATL1 and P.NATL2A) have larger population size than the 
P.MIT9303 clade (P.MIT9303 and P.MIT9313). This is congruent with their distinct 
distributions and relative abundance (Ahlgren, Rocap, and Chisholm 2006, 441-454): 
   41	  
cells related to the P.NATL clade have been found to have high density at depth and 
near the surface, while cells related to the P.MIT9303 clade are generally found at the 
base of the euphotic zone in stratified waters and never at the surface (Zinser et al. 
2007, 2205-2220).  
The application of pairwise dN/dS ratios as a measure of natural selection is 
limited to organisms for which sequence data is obtained relatively soon after their 
divergence. In order to acquire information on the effect of natural selection and the 
sequence evolution rate for early stages of Prochlorococcus genome reduction, I 
modeled sequence evolution in a phylogenetic tree and then calculated the ratios of non-
synonymous substitution rate to synonymous substitution rate and the nucleotide 
substitution rates on the branches using a maximum likelihood approach. In particular, I 
asked whether there is a direct association between the evolution of selection or 
mutation rate and the evolution of genome size in the case of Prochlorococcus. I used a 
concatenated alignment of 1102 orthologous genes in order to obtain genome level 
information. Interestingly my results revealed that both strong purifying selection and 
an increasing mutation rate had accompanied the genome size reduction early in the 
evolution of Prochlorococcus.  
An increase in mutation rate has been suggested to lead to increased gene loss in 
endosymbionts and simulation studies (Marais G.A., Calteau A., and Tenaillon O. 2007; 
Moran, McLaughlin, and Sorek 2009, 379-382). Although loss of DNA repair genes 
could increase the generation of deleterious mutations, in theory only mutations whose 
negative fitness consequences are smaller than the inverse of twice the effective 
population size, i.e., 1/(2Ne), are capable of drifting to fixation (Lynch and Conery 
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2003, 1401-1404). The very low dN/dS ratio on branch #2 is indicative of effectively 
high population size and an extremely small 1/(2Ne) value.  Under this condition almost 
all deleterious mutations should be efficiently eliminated by selection. Therefore neutral 
substitutions are expected to either reside in nonfunctional DNA regions, in redundant 
genes or in genes with negligible fitness effects. In this case, an elevated mutation rate 
might have contributed to gene loss by increasing the inactivation rate of dispensable 
genes provided that resulting non-functional DNA would be opposed by selection. 
However, the role of mutation rate in gene loss in Prochlorococcus is limited by the 
presumably small proportion of dispensable genes in the ancestral genome, and it also 
largely depends on a strong selection against non-functional sequences.  
Another hypothesis is that the accelerated mutation rate is simply a byproduct of 
the process of Prochlorococcus genome streamlining in which some non-essential DNA 
repair genes were also deleted (Dufresne, Garczarek, and Partensky 2005, R14). At least 
five genes whose protein products would have been involved in DNA repair pathways 
were lost during at early stages on branch #1 or branch #2 (Table 3.5). It has been 
shown that bacteria mutants that lack DNA repair genes can have a 10-fold to 1,000 
fold increase in the rate of mutation (Schaaper and Dunn 1987, 6220-6224) and 
naturally occurring mutator strains (with genes that increase the genomic mutation rate 
often being involved in DNA repair pathways) are found in many bacteria (Colegrave 
and Collins 2008, 464-470; LeClerc et al. 1996, 1208-1211). Although loss of DNA 
repair genes might have rendered the repair system less effective resulting in an 
increased global mutation rate, it would not necessarily have impaired the well-being of 
the organisms especially when selection was extremely efficient. My data suggests that 
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the elevated mutation rate at ancient stages (branch #1 and branch #2) did not cause 
accumulation of non-synonymous substitutions and thus was unlikely to have had an 
influential effect on the composition of a generally compact bacterial genome. 
However, my results do not definitely distinguish between mutation rate as a cause or 
consequence of genome reduction. 
A population with an elevated mutation rate in a background of weak selection 
and no recombination would accumulate deleterious mutations, leading to sequence 
erosion and decrease in fitness over time as in the case of bacterial endosymbionts of 
insects (Perez-Brocal et al. 2006, 312-313). This is definitely not the case in 
Prochlorococcus given its high abundance in the world’s tropical and subtropical 
oligotrophic oceans (Partensky, Hess, and Vaulot 1999, 106-127; Campbell et al. 1997, 
167-192) and its significant contribution to the primary production in these regions (9–
82% of total gross primary productivity) (Goericke and Welschmeyer 1993, 2283-2294; 
Li 1995, 1-8; Liu, Nolla H. A., and Campbell 1997, 39-47). On the other hand, 
extremely efficient selection that favors compact genome architecture and maximum 
economy would work against the retention of non-essential and redundant genetic 
materials, while protecting the cell from deterioration under an accelerated mutation 
rate. Further investigation into the function and selective constraints of lost genes will 
allow me to determine the role of selection in gene loss and to better understand the 
underlying evolutionary mechanism. I will address this question in Chapter 4.  
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Table 3.1: Substitution rates and dN/dS ratios of the 1st –neighbor genome pairs.  
 PH1 PH2 PL1 PL2 S1 S2 
dN/dS * 
Mean 
(s.d.) 
Median 
 
0.049 
(0.041) 
0.038 
 
0.071 
(0.063) 
0.057 
 
0.104 
(0.123) 
0.076 
 
0.132 
(0.122) 
0.109 
 
0.074 
(0.059) 
0.058 
 
0.093 
(0.078) 
0.074 
dS 
Mean 
(s.d.) 
Median 
 
1.350 
(0.759) 
1.224 
 
0.420 
(0.484) 
0.306 
 
0.119 
(0.243) 
0.075 
 
0.113 
(0.187) 
0.081 
 
2.213 
(0.871) 
1.985 
 
2.238 
(0.845) 
2.005 
dN 
Mean 
(s.d.) 
Median 
 
0.058 
(0.057) 
0.047 
 
0.025 
(0.044) 
0.017 
 
0.010 
(0.020) 
0.006 
 
0.014 
(0.042) 
0.009 
 
0.146 
(0.110) 
0.123 
 
0.185 
(0.134) 
0.158 
PH1=Prochlorococcus high-light pair #1, P.MED4-P.MIT9515 
PH2=Prochlorococcus high-light pair #2, P.MIT9301-P.AS9601  
PL1=Prochlorococcus low-light pair #1, P.NATL1A-P.NATL2A   
PL2=Prochlorococcus low-light pair #2, P.MIT9303-P.MIT9313  
S1=Synechococcus pair #1, S.CC9605-S.CC9902  
S2=Synechococcus pair #2, S.CC9311-S.WH7803 
* Sequences with no synonymous substitution (dS =0) were removed from the analysis. 
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Table 3.2: Log likelihood values and maximum likelihood estimates of dN/dS ratios 
under different branch models and model selection results. 
Model Ratio groups NP Log-likelihood ML estimates 
One ratio ω1 = all branches 30 -9300717.05 ω1 = 0.092 
2-1 ω1 = all Synechococcus branches 
ω2 = all Prochlorococcus branches 
31 -9266700.48 ω1 = 0.226 
ω2 = 0.067 
2-2 ω1 = all Synechococcus branches + branch #1 
ω2 = other Prochlorococcus branches 
31 -9268600.51 ω1 = 0.205 
ω2 = 0.063 
3-1 ω1 = all Synechococcus branches 
ω2 = branch #2 
ω3 = other Prochlorococcus branches 
32 -9245742.98 ω1 = 0.227 
ω2 = 0.001 
ω3 = 0.080 
3-2 ω1 = all Synechococcus branches 
ω2 = branch #2 + branch #7 + P.SS120 clade 
ω3 = other Prochlorococcus branches 
32 -9253199.03 ω1 = 0.228 
ω2 = 0.001 
ω3 = 0.083 
3-3 ω1 = all Synechococcus branches 
ω2 = branch #2 + branch #3 + branch #8 +  
        P.NATL clade 
ω3 = other Prochlorococcus branches 
32 -9258613.51 ω1 = 0.227 
ω2 = 0.024 
ω3 =0.078 
3-4 ω1 = all Synechococcus branches 
ω2 = branch #2 + branch #3+ branch #4 + 
        P.HL clade 
ω3 = other Prochlorococcus branches 
32 -9266619.31 ω1 = 0.226 
ω2 = 0.065 
ω3 = 0.070 
4-1-(1) ω1 = all Synechococcus branches 
ω2 = branch #2 
ω3 = branch #4 
ω4 = other Prochlorococcus branches 
33 -9245422.25 
 
ω1 = 0.227 
ω2 =0.001 
ω3 = 0.117 
ω4 = 0.080 
4-1-(2) ω1 = all Synechococcus branches 
ω2 = branch #2 
ω3 = branch #4 + P.HL clade 
ω4 = other Prochlorococcus branches 
33 -9245720.00 
 
ω1 = 0.227 
ω2 =0.001 
ω3 = 0.081 
ω4 = 0.078 
4-2 ω1 = all Synechococcus branches 
ω2 = branch #2 
ω3 = branch #6 + P. MIT9303 clade 
ω4 = other Prochlorococcus branches 
33 -9245193.42 ω1 = 0.226 
ω2 = 0.001 
ω3 = 0.105 
ω4 = 0.077 
5 ω1 = all Synechococcus branches 
ω2 = branch #2 
ω3 = branch #6 + P. MIT9303 clade 
ω4 = branch #4 
ω5 = other Prochlorococcus branches 
34 -9244816.89 ω1 = 0.226 
ω2 = 0.001 
ω3 = 0.106 
ω4 = 0.118 
ω5 = 0.076  
Model Selection HA P-value Conclusion 
2-1 vs. One-ratio  Prochlorococcus  ≠ Synechococus < 10 -6 HA 
2-2 vs. 2-1 branch #1 ≠ Synechococcus - HA 
3-1 vs. 2-1 branch #2 ≠ other branches < 10 -6 HA 
3-2 vs. 3-1 branch #7 + P.SS120 clade ≠ branch #2 - HA 
3-3 vs. 3-1 branch #3 & #8 + P.NATL clade ≠ branch #2 - HA 
3-4 vs. 3-1 branch #2, #3 & #4 + P.HL clade ≠ branch #2 - HA 
4-1-(1) vs. 3-1 branch #4 ≠ other branches < 10 -6 HA 
4-1-(1) vs. 4-1-(2) branch #4 ≠ P. HL clade internal branches - HA 
4-2 vs. 3-1 branch #6 + P.MIT9303 clade ≠ other branches < 10 -6 HA 
NP: number of parameters. ML estimates: maximum likelihood estimates of dN/dS. 
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Table 3.3: Log likelihood values under different substitution rate models and 
model selection results. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
NP: number of parameters.  
Rate groups: under each model from A to N, one or several branches are assigned to 
different rate groups besides the background rate group (i.e., the group containing all 
other branches of the tree). The numbers 1 to 9 represent branch #1 to branch #9 
corresponding to the branch labels in Figure 3.2. 
 
Model NP Log-likelihood Rate groups 
Global clock. One rate: r0 14 -8336517.05 All branches 
A. Two Rates: r0, ro 15 -8336517.05 Outgroup (O) 
B. Two Rates: r0, r1  15 -8336517.05 1 
C. Two Rates: r0, r2 15 -8316942.54 2 
D. Two Rates: r0, r3 15 -8326498.87 3 
E. Two Rates: r0, r4 15 -8308529.09 4 
F. Two Rates: r0, r5 15 -8334288.40 5 
G. Two Rates: r0, r6 15 -8305772.39 6 
H. Two Rates: r0, r7 15 -8332764.99 7 
I. Two Rates: r0, r8 15 -8335814.80 8 
J. Two Rates: r0, r9 15 -8333573.70 9 
K. Nine Rates: r0, r2 -r9 22 -8278595.93 2,3,4,5,6,7,8,9 
L. Five Rates: r0, r2, r3, r4, r6 18 -8278600.49 2,3,4,6 
M1. Four Rates: r0, (r2 =r3), r4, r6  17 -8278600.49 2=3,4,6 
M2. Four Rates: r0, r2, (r3 =r4), r6 17 -8278627.87 2, 3=4,6 
N. Three Rates: r0, (r2= r3= r4), r6 16 -8278627.87 2=3=4,6 
Model Selection df P-value Favored model 
A vs. Global clock 1 1 Global clock 
B vs. Global clock  1 1 Global clock 
C vs. Global clock 1 < 10 -6 C 
D vs. Global clock 1 < 10 -6 D 
E vs. Global clock 1 < 10 -6 E 
F vs. Global clock 1 < 10 -6 F 
G vs. Global clock 1 < 10 -6 G 
H vs. Global clock 1 < 10 -6 H 
I vs. Global clock 1 < 10 -6 I 
J vs. Global clock 1 < 10 -6 J 
K vs. L 4 0.0582 L 
L vs. M1 1 1 M1 
L vs. M2 1 < 10 -6 L 
M1 vs. N 1 < 10 -6 M1 
M2 vs. N 1 1 N 
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Table 3.4: Relative changes of selection, substitution rate, mutation rate and effective population size in the evolution of 
Prochlorococcus. 
 B1 B2 B3 B4 B5 & 
HL-II clade 
B6 & 
MIT9303 clade  
B7 &  
SS120 clade  
B8 & 
NATL clade  
B9 & 
HL-I clade 
s ⇑ ⇑ ⇓ ⇓ ⇑ ⇓ ⇓ =/⇓ ⇑ 
r = ⇑ = ⇓ ⇓ ⇓ ⇓ ⇓ ⇓ 
µ  ⇑ ⇑ ⇓ ⇓ = /⇓ ⇓ ⇓ ⇓ =/⇓ 
Ne ⇑ ⇑ ⇓ ⇓ ⇑ ⇓ ⇓ =/⇓ ⇑ 
Bn denotes branch #n. Branch labels are indicated in Figure 3.4. 
HL-I clade: this clade includes two HL Prochlorococcus genomes: P.MIT9515 and P.MED4. 
HL-II clade: this clade includes four HL Prochlorococcus genomes: P.MIT9301, P.AS9601, P.MIT9215 and P.MIT9312. 
s = strength of purifying selection; r = substitution rate; Ne = effective population size;  µ = mutation rate. 
“⇑” indicates increase, “⇓” indicates decrease, and “=” indicates no change. 
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Table 3.5: Lost DNA repair genes at early stages of Prochlorococcus evolution. 
Protein product Genomic location in 
Synechococcus WH8102 
Conserved 
domain 
Time of 
loss* 
ATP-dependent DNA ligase +1315322…1317004 COG1793; 
Pfam01068; 
cd07897; 
cd07972 
Branch #1 
Methylated-DNA—protein-
cysteine methyltransferase 
-1617169…1617507 COG3693; 
Pfam01035; 
cd06445 
Branch #2 
RecQ, DNA helicase -1864491…1866008 COG0514; 
Pfam00270; 
pfam00271 
Branch #2 
Nudix hydrolase +1327195…1327626 COG1051; 
Pfam00293; 
Cd04682 
Branch #2 
DNA/RNA helicase -672895…674247 COG1061; 
Pfam04851; 
Pfam00176; 
Pfam00271; 
cd00046; 
cd00079; 
Branch #2 
DNA/RNA helicase +2071435…2073954 COG1643; 
Pfam08482; 
Pfam04408; 
Pfam00270; 
Pfam00271; 
cd00046; 
TIGR01970; 
Branch #2 
* Branch labels are the same as those in Figure 3.2. 
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Figure 3.1. Boxplots of pairwise dN/dS ratios of the 1st-neighbor genome pairs. 
From left to right: P.MED4 vs. P.MIT9515, P.MIT9301 vs. P.AS9601, P.NATL1A vs. 
P.NATL2A, P.MIT9303 vs. P.MIT9313, S.CC9605 vs. S.CC9902, S.CC9311 vs. 
S.WH7803. The ends of the whiskers represent the lowest datum still within 1.5 
interquartile range (IQR) of the lower quartile, and the highest datum still within 1.5 
IQR of the upper quartile. 
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Figure 3.2. Maximum likelihood dN/dS ratios on the branches under different 
models. 
The displayed phylogeny is an unrooted tree of 12 Prochlorococcus and 2 sister 
Synechococcus and an outgroup Synechococcus RCC307. Branches are drawn in 
proportion to their lengths, defined as the expected numbers of nucleotide substitutions 
per site estimated from the supergene (concatenation of 100 conserved amino acid 
sequences) using a no-clock model. The tree topology, but not the branch lengths, is 
used to calculate the maximum likelihood dN/dS ratios under different models in 
PAML. Ancestral branches are labeled below branches (o: outgroup, 1-9). Maximum 
likelihood estimates of dN/dS ratios are reported on the corresponding branches. 
A: Maximum likelihood dN/dS ratios under the free-ratio model (one ratio 
parameter for each branch). 
B: Maximum likelihood dN/dS ratios under the 5-ratio-group-branch-model. 
This model divides the tree into 5 ratio groups: ω0 = all Synechococcus branches; ω1 = 
branch #2; ω2 = branch #6 and P.MIT9303 clade; ω3 = branch #4; ω4 =Prochlorococcus 
background ratio (i.e., branch #1, branch #3, branch #7 and P.SS120 clade, branch #8 
and P.NATL clade, branch #5, branch #9 and the entire Prochlorococcus HL clade). 
Branches for which no value is shown have the same ratios as their immediate ancestral 
branches. 
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Figure 3.3: Maximum likelihood rates on the branches under the best local clock 
model. 
This is a subtree of the previously reconstructed maximum likelihood supergene tree 
(Figure 2.2). Branches are drawn in proportion to their length, defined as the expected 
numbers of nucleotide substitutions per site estimated from concatenated sequences of 
100 conserved protein coding genes using a no-clock model. The tree topology, but not 
the branch lengths, is used to fit different models.  Ancestor branches are labeled below 
branches (o: outgroup, 1-9). The maximum likelihood rates under the best local clock 
model (four rate groups: background, branch #2= branch #3, branch #4 and branch #6) 
are reported on the branches.  
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Figure 3.4: Relative changes of mutation rate on the branches. 
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Figure 3.5: Variation in the accumulation of non-synonymous substitutions across 
Prochlorococcus and marine Synechococcus genomes.  
Accumulation of non-synonymous substitutions is measured by the rate of non-
synonymous substitution (y-axis). All genomes were compared to an outgroup genome 
Synechococcus RCC307. Red boxes: HL Prochlorococcus. Pink boxes: LL 
Prochlorococcus. Blue boxes: Synechococcus. The ends of the whiskers represent the 
lowest datum still within 1.5 interquartile range (IQR) of the lower quartile, and the 
highest datum still within 1.5 IQR of the upper quartile. 
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CHAPTER 4  
THE PATTERN AND EVOLUTIONARY IMPLICATIONS OF GENE LOSS IN 
PROCHLOROCOCCUS 
4.1 Introduction 
In chapter 2 I determined the tempo of gene losses in Prochlorococcus 
phylogeny and demonstrated that Prochlorococcus genome reduction was an ancient 
event due to massive gene loss that occurred shortly after the divergence of 
Prochlorococcus and Synechococcus. My results from Chapter 3 showed that both 
strong purifying selection and elevated mutation rate accompanied the genome 
reduction early in Prochlorococcus evolution. To better understand the roles and 
interplay of these two evolutionary processes in driving genome reduction, it’s 
important to determine the types of deletions that occurred and the functional 
importance of those gene losses.  
Gene loss has been extensively studied in endosymbiotic bacteria. An earlier 
effort to reconstruct the ancestral genome of a single endosymbiotic bacterial genome of 
B. aphidicola BAp and its free-living relatives (Moran and Mira 2001, 
RESEARCH0054) suggested that the early gene loss involved deletions of large sets of 
contiguous genes and often spanned functionally unrelated genes.  However, another 
similar study (Silva, Latorre, and Moya 2001, 615-618) has reached a different 
conclusion on the organization of gene losses and found that genome shrinkage arose 
through multiple events of gene disintegration dispersed over the whole genome. A 
more recent analysis (Delmotte et al. 2006, 56) has included more endosymbiotic 
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genome sequences to allow the re-establishment of synteny for many previously 
unidentified fragments, revealing that reductive evolution was from the beginning most 
often the result of small deletions. This study further showed that genes lost at both 
ancient and recent stages of symbiosis were on average less selectively constrained than 
genes conserved in any of the extant symbiotic strains, thus demonstrating that 
purifying selection at least partially influenced the processes of symbiotic genome 
reductions by retaining genes of greater functional importance, though losses might 
result from drift.  
The goal of the last part of my Ph.D. research is to determine functional 
importance of gene losses in Prochlorococcus genome reduction in order to 
demonstrate the underlying evolutionary mechanism. Knowing the functional 
importance of gene losses allows me to better understand the evolutionary strategy of 
Prochlorococcus so as to better interpret its outstanding ecological success. To evaluate 
the functional importance of genes, I used two parameters: (1) dN/dS ratio measures the 
relative level of constraint by natural selection on changing amino acid sequences. 
Amino acid sequences (which are determined by non-synonymous sites) of functionally 
important genes (i.e., genes whose protein products have larger effects on fitness) are 
usually more conserved by purifying selection, and thus functionally important genes 
tend to have lower dN/dS ratios. (2) Codon adaptive index (or CAI) (Sharp and Li 1987, 
1281-1295) measures the level of adaptive codon bias. Under the assumption that the 
differences in the degree of codon usage bias largely reflect differences in selective 
pressure on the genes, this parameter is positively correlated with the strength of 
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selection (Delmotte et al. 2006, 56), and therefore is useful for assessing how well a 
gene is adapted to its local environment.  
4.2 Materials and Methods 
4.2.1 Gene loss data sets 
Using the method that I developed in Chapter 2 I identified 1641 genes that are 
present in the 5 marine Synechococcus genomes and are also found among the 2028 
genes in the last common ancestor of Prochlorococcus and Synechococcus (Figure. 
4.1). I will refer to this data set as ASO (Ancestor-derived Synechococcus Orthologs). I 
then assigned the 1641 ASO genes into two groups depending on their states (presence 
or absence) in Prochlorococcus, i.e., if a gene is missing in Prochlorococcus at a certain 
evolutionary stage, I put it in the Lost group, and otherwise I assigned it to the Retained 
group (Figure. 4.1). The numbers of deleted genes and retained genes on each internal 
branch were calculated based on the ASO data set. These data sets were used in the 
analysis described below. 
4.2.2 Functional annotation of marine cyanobacterial genomes  
Gene function was determined by searching each of the predicted protein 
sequences against the Entrez Conserved Domain Database (CDD) for the Pfam (Finn et 
al. 2008, D281-8) and the Clusters of Orthologous Groups of proteins (COGs) (Tatusov, 
Koonin, and Lipman 1997, 631-637) domain models using the Reverse Position-
Specific BLAST algorithm (RPSBLAST) implemented in the NCBI BLAST search 
tool. And genes with a COG or Pfam annotation were also mapped to the Gene 
Ontology (GO) (Ashburner et al. 2000, 25-29) using COG to GO (Michael Ashburner 
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and Jane Lomax) and Pfam to GO (Hunter et al. 2009, D211-D215) association files 
downloaded from http://www.geneontology.org/external2go/. 
4.2.3 Maximum likelihood estimation of substitution rates 
Protein sequences of the orthologous genes were aligned in the software 
ClustalW2 (Larkin et al. 2007, 2947-2948). The corresponding nucleotide sequences 
were then mapped onto the protein alignment using custom Perl scripts to generate sets 
of aligned nucleotide sequences. Synonymous and non-synonymous substitution rates 
were calculated using the maximum likelihood method based on the HKY85 model 
(Hasegawa, Kishino, and Yano 1985, 160-174) as implemented in the yn00 program 
provided with PAML (Yang 1997, 555-556).  
4.2.4 Calculation of Codon Adaptation Index  
I collected all ribosomal protein genes from each annotated genome and used 
them as the reference sets to create genome-specific codon usage tables using the "cusp" 
program within EMBOSS (Rice, Longden, and Bleasby 2000, 276-277). The Codon 
Adaptation Index (CAI) values of all the protein coding sequences in a genome were 
calculated for by the “cai” program in EMBOSS based on the corresponding codon 
usage table. 
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4.3 Results 
4.3.1 Genes that were lost in the Prochlorococcus genomes but are retained in the 
extant marine Synechococcus genomes 
Among the 2028 genes in the common ancestor of Prochlorococcus and 
Synechococcus, I identified 1641 genes that are conserved in all five primary 
Synechococcus genomes and I will refer to this data set as the ASO—Ancestor-derived 
Synechococcus Orthologs (Figure 4.1). For each of the 12 extant Prochlorococcus the 
total number of genes lost since the last common ancestor of Prochlorococcus and the 5 
marine Synechococcus was calculated with respect to the ASO. The total loss is 152 for 
P.MIT9313 and 158 for P.MIT9303, and is roughly constant ranging from 309 to 345 
for the remaining Prochlorococcus genomes (Figure 4.2). Based on this ASO data set, I 
created more data sets of gene loss (Lost) and conserved genes (Retained), which are 
made up of the ASO genes that were deleted or retained on a particular branch during 
Prochlorococcus evolution. The relative scale of step-wise losses across the tree is 
consistent with the previous observation of early genome reduction (Figure 4.2). These 
data sets were used in the analysis described below. 
4.3.2 The effects of natural selection on different gene groups 
4.3.2.1. Prochlorococcus lost genes had higher dN/dS ratios than the retained genes. 
In order to determine the role of selection in the massive gene loss that occurred 
at early stages of Prochlorococcus evolution, I calculated dN/dS ratios for the total gene 
loss on branch #1 and branch #2 and compared them with the dN/dS ratios for the 
conserved genes that are retained in all Prochlorococcus. Figure 4.3 shows the distinct 
distributions of the dN/dS ratios for the two gene groups. The major difference is due to 
   60	  
overall higher dN/dS values of lost genes. This result suggests that genes lost at early 
stages during Prochlorococcus genome reduction are on average less selectively 
constrained than genes conserved in any of the present day marine cyanobacterial 
genomes studied. The same pattern also extends to more recent events of gene loss and 
was observed across the evolution of Prochlorococcus. The Lost group on each 
ancestor branch always has a significantly higher dN/dS ratio mean than the Retained 
group (Table 4.1). However, genes that were lost during the early genome reduction 
period (on branch #1 and branch #2) have significantly higher dN/dS ratios than those 
that were deleted later on (One-sided Student’s t-test: Total loss on branch #1 and 
branch #2 vs. the Lost group on branch #4, P-value = 0.021; Total loss on branch #1 
and branch #2 vs. the Lost group on branch #7, P-value = 0.002; Total loss on branch 
#1 and branch #2 vs. the Lost group on branch #8, P-value < 0.001; Loss on branch #1 
vs. The Lost group on branch #6, P-value = 0.003), suggesting that genes with the least 
fitness effects were discarded first. 
4.3.2.2. Prochlorococcus lost genes had lower CAI values than the retained genes. 
I applied the CAI method to test if selection pressure differs between the Lost 
and the Retained genes in addition to the dN/dS ratio method. CAI values for the 1641 
ASO genes were calculated for each of the 5 marine Synechococcus genomes in the 
context of its genome-specific codon usage. Again the genes lost during early genome 
reduction have significantly lower CAI mean than the conserved genes (Student’s t-test, 
P-value < 0.05) (Table 4.1). Similar results were obtained for gene losses on all 
ancestral branches except for branch #8. In general, CAI results confirmed my previous 
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conclusion that genes under less stringent selective constraint were more likely to be 
discarded by Prochlorococcus.  
4.3.3 Functional profiles of different gene groups 
4.3.3.1. Functional classification of lost genes does not suggest ecological 
specialization 
Early in Prochlorococcus evolution there may have been selection for 
adaptation to a new or changing environment. Thus, genes present in the ancestor may 
no longer have been required and may subsequently have been lost. Does the loss of 
these genes reflect ecological specialization? To identify functional classes of genes that 
might be related to environmental conditions, I used the Clusters of Orthologous 
Groups of proteins (COGs) annotation system (Tatusov, Koonin, and Lipman 1997, 
631-637). COGs categories include “DNA replication, recombination and repair”, 
“Energy production and conversion”, “Inorganic ion transport and metabolism” and 
other categorizations of cellular processes. Using the COG annotation system, 1269 out 
of the 1641 ASO genes (77.33%) were assigned to at least one COG category. The 
distribution of annotated genes in this ancestor-derived gene set is very similar to the 
distribution found among the individual marine Synechococcus genomes (Figure 4.4), 
implying that the ASO gene set is representative of the extant marine Synechococcus 
functional architecture. Moreover, the distributions of small Prochlorococcus genomes 
also resemble that of the ancestral gene set (Figure 4.4), suggesting that the reduction in 
gene number did not alter the functional composition of Prochlorococcus reduced 
genomes. 
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 Among the genes lost during the early genome reduction period are genes 
related to outer membrane synthesis; genes involved in defense mechanism; DNA 
repair genes; and a large number of transporter genes related to sugars and metal ions. 
However, there is no apparent relationship between the lost genes and any particular 
ecological niche. 
4.3.3.2. Small effect genes were lost from nearly all functional categories during 
Prochlorococcus genome reduction. 
Among the 1269 COG annotated ASO genes, 259 were lost during the genome 
reduction period (total loss on branch #1 and branch #2). Genes that were lost during 
the early shrinkage belong to nearly all functional categories (Figure 4.5 A). The Lost 
group had a significantly higher percentage (44.8%) of non-annotated genes than the 
Retained group, in which only 19.3% of the genes were not assigned to any COG 
functional category (Figure 4.5 A). The Lost group always had higher dN/dS ratio 
means than those of the Retained group in all the COG categories as well as for the non-
annotated genes (Figure 4.5 B). In general, genes that were deleted during 
Prochlorococcus early genome reduction are under less functional constraint (i.e., 
higher dN/dS ratio) than conserved genes in the extant marine Synechococcus.  
4.3.3.3. DNA repair genes were deleted as small effect genes. 
Loss of DNA repair genes is a shared characteristic among reduced genomes 
from obligate bacterial endosymbionts to free-living Prochlorococcus. From my gene 
loss data sets I identified at least five genes, whose protein products might have been 
involved in DNA repair pathways, that were lost during Prochlorococcus early genome 
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reduction (Table 3.6). Three of them, which encode 6-O-methylguanine-DNA 
methyltransferase, DNA helicase RecQ, and a nudix hydrolase were previously reported 
as missing from some of the Prochlorococcus genomes (Kettler et al. 2007, e231; 
Dufresne, Garczarek, and Partensky 2005, R14). The DNA repair protein 6-O-
methylguanine-DNA methyltransferase reverses 6-O-alkylation DNA damage by 
transferring 6-O-alkyl adducts to an active site cysteine irreversibly, without inducing 
DNA strand breaks, thus preventing GC to AT mutations (Mackay, Han, and Samson 
1994, 3224-3230). This gene is most likely responsible for the observed high AT 
content in all sequenced Prochlorococcus that are diverged after branch #2 (Table 2.1). 
Loss of DNA helicase encoding gene recQ can lead to a deficiency in the RecF 
recombination pathway (Nakayama, Irino, and Nakayama 1985, 266-271), as well as 
inhibition of the SOS response in Escherichia coli (Hishida et al. 2004, 1886-1897). 
The nudix hydrolase family (cd04682) has a general role in sanitizing the nucleotide 
pools and could act to prevent mutations (Dufresne, Garczarek, and Partensky 2005, 
R14). Additionally, two DNA repair genes both encoding conserved helicase domains 
are lost on branch #2. Possibly a DNA ligase gene was also deleted in Prochlorococcus 
shortly after it split from marine Synechococcus but was later acquired again by the HL 
clade. 
When looking at more recent gene loss events, four more DNA repair genes 
were missing exclusively from the entire HL Prochlorococcus clade (Table 4.2). All 
nine DNA repair genes that are lost in HL Prochlorococcus have higher dN/dS ratios 
than the mean of the total DNA repair genes and the mean of the conserved genes in the 
marine Synechococcus (Table 4.2). This result shows that DNA repair genes lost at both 
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early and recent evolutionary stages are on average less selectively constrained in the 
marine Synechococcus genomes, implying that these genes were probably discarded due 
to their small effects.  
4.4 Discussion 
In order to further understand the role of natural selection in the genome size 
reduction of Prochlorococcus, I created data sets of gene loss based on a subset of 
ancestor genes that are conserved in the sister group of 5 marine Synechococcus 
genomes. This subset served as a living fossil of the ancestral genes and allowed me to 
compare the selection and functional profiles of Prochlorococcus-lost genes with 
Prochlorococcus-retained genes.  
I investigated the difference in the selection coefficient between the Loss and the 
Retained gene groups by two methods, i.e., the dN/dS ratio and the CAI value. Both 
assays suggested that lost genes—including a fair number of DNA repair genes—were 
under less stringent selective constraint than the retained genes on average at both early 
and recent stages of Prochlorococcus evolution. In particular, gene loss causing 
Prochlorococcus genome reduction occurred genome-wide across nearly all functional 
categories, and the deleted genes always have small selection coefficients regardless of 
their functions. This result could be interpreted in at least three different ways: (1) 
These genes were no longer important in a new environmental and gradually lost over 
time.  However, this does not explain why the genes that were lost had small selection 
coefficients in Synechococcus and were from a variety of cellular processes spread 
across the genome. (2) A small population size was subject to an elevated level of 
random genetic drift, thereby leading to the loss of genes with small selection 
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coefficients. (3) A large population size coupled with selection for growth in a nutrient 
limited environment led to the loss of genes with small selection coefficients. In chapter 
3 I showed that selection became extremely efficient in removing non-synonymous 
substitutions from the Prochlorococcus genome on the basal branches (branch #1 and 
branch #2), and this suggests that population size may have been very large during the 
process of genome reduction (Figure 3.2). After branch #2 Prochlorococcus diversified 
into different sub-populations, and individual populations had relatively reduced sizes 
and consequently selection efficacy decreased causing dN/dS ratio to increase. Thus the 
ancient population size (which is inferred from genome-level dN/dS ratios) may have 
been even larger than those of the present-day HL Prochlorococcus. This scenario 
agrees with the third hypothesis. Interestingly, a comparative study of five 
endosymbiotic bacterial genomes also demonstrated that purifying selection at least 
partially influenced gene loss at both ancient and recent stages of symbiosis evolution 
by retaining genes of greater selective importance more readily than less conserved 
genes (Delmotte et al. 2006, 56). This similar mode of gene loss in both host-dependent 
and free-living bacteria points to a global role of selection in genome size reductions.    
Functional analysis of lost genes at both early and recent stages of 
Prochlorococcus evolution also suggests that gene loss in general had no clear 
relationship with ecological niche specialization but was rather a response to energy 
conservation in a nutrient-limited environment regulated by selection. For instance, two 
exonuclease-encoding genes (recJ and xseA), both playing roles in repairing UV-
induced lesions are missing in all HL genomes but are retained in LL genomes (Kettler 
et al. 2007, e231). This is inconsistent with the ecological specialization of HL 
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Prochlorococcus, whose local light environment involves exposure to intensive UV 
radiation. On the other hand, the higher dN/dS ratios (0.146 for recJ and 0.171 for xseA) 
and lower CAI values (0.477 for recJ and 0.542 for xseA) of these two genes in the 
Synechococcus genomes, compared to the means for all Synechococcus ancestor-
derived orthologs (0.115 for dN/dS ratio mean, and 0.572 for CAI mean) (Table 4.2) 
suggests that these DNA repair genes were more likely discarded due to their small 
fitness effects. Genes involved in nitrogen assimilation pathways offers a similar 
example. Nitrate and nitrite are two relatively abundant nitrogen sources in the oceans 
where Prochlorococcus dominate, but the genes for nitrate reductase and for the 
molybdopterin cofactor biosynthesis enzymes were deleted in all Prochlorococcus on 
branch #1. Later on, HL Prochlorococcus also lost the nitrite reductase gene. One 
possible explanation is that optimizing energy utilization was a primary evolutionary 
strategy of Prochlorococcus in a nutrient poor environment, and that therefore they only 
preserved pathways for utilizing cheap and affordable nitrogen sources such as 
ammonium instead of nitrate and nitrite, which require more bioenergy for assimilation 
(Garcia-Fernandez, de Marsac, and Diez 2004, 630-638; Zubkov et al. 2003, 1299-
1304). If this were the case, we would expect ammonia uptake genes to be under strong 
functional constraint in the six HL Prochlorococcus genomes. It turned out that the 
dN/dS ratio mean of the ammonia transporter gene amtB is much smaller than the 
genome-level means in all HL Prochlorococcus (Table 4.3.). Moreover, the gene gdhA 
encoding glutamate dehydrogenase, which catalyzes an alternate route for ammonium 
to glutamate conversion when ammonia concentrations are high, was also lost in most 
Prochlorococcus genomes. This is probably due to its redundancy to the glutamine 
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synthetase gene glnA; the gene for a high-ammonia pathway may have been 
unnecessary in an environment in which ammonia concentration was presumably kept 
low due to the demands of the cell growth. This is an example of a network level 
modification and simplification in the Prochlorococcus genome via gene deletions for 
the purpose of optimizing energy utilization. That kind of simplification was probably 
not restricted to nutrient assimilation pathways but instead represents a general trend 
across the entire metabolic network; the simplified regulatory system in 
Prochlorococcus is another example of this trend (Garcia-Fernandez, de Marsac, and 
Diez 2004, 630-638; Mary and Vaulot 2003, 135-144). In fact, in spite of the fact that 
the smallest Prochlorococcus genomes are estimated to have lost more than 600 genes 
(Table 2.2), they still retain genes responsible for nearly all the reactions of the central 
metabolism (Kettler et al. 2007, e231). 
On the other hand, many genome-specific and clade-specific genes acquired via 
horizontal gene transfer or gene duplication were found to be responsible for important 
ecological and physiological properties that differentiate Prochlorococcus ecotypes 
from each other and from Synechococcus (Kettler et al. 2007, e231). This indicates that 
gene gains rather than gene losses may have played the key role in the specialization of 
Prochlorococcus ecotypes for different ecological niches.  
Based on the above results, I conclude that early genome reduction of 
Prochlorococcus resulted mainly from loss of a large number of small effect genes, 
which may relate to metabolic network simplification. That loss pattern was most likely 
driven by strong selection favoring an economical and streamlined genetic machinery in 
a nutrient-limited environment, rather than by selection for ecological niche 
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specialization or by random genetic drift. This strong selective pressure acted genome-
wide on genes from all functional categories, and therefore was very likely conferred by 
a large population size. An accelerated mutation rate during Prochlorococcus genome 
reduction may have arisen from the loss of small effect DNA repair genes. Since 
selection was extremely efficient in removing deleterious mutations, the increased 
mutation rate could only have made a limited contribution to gene loss, by increasing 
the inactivation rate of dispensable genes. Still elimination of the resulting inactivated 
sequences depends on selection against their retention.  
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Table 4.1. Summary of gene loss events and selection-related parameters of the 
Lost and the Retained groups at different stages in Prochlorococcus evolution. 
Stage: Root B1* B2 B3 B4 B6 B7 B8 All** 
Gene 
count 
Lost                
Retained 
- 
1641 
106 
1535 
153 
1382 
26 
1356 
56 
1300 
42 
1493 
36 
1346 
26 
1330 
90 
1185 
dN/dS  Lost                  Retained 
- 
0.115 
0.162 
0.111 
0.188 
0.103 
0.159 
0.102 
0.149 
0.100 
0.123 
0.111 
0.139 
0.102 
0.113 
0.102 
0.168 
0.097 
CAI Lost                  Retained 
- 
0.572 
0.551 
0.574 
0.543 
0.577 
0.545 
0.572 
0.550 
0.572 
0.546 
0.574 
0.525 
0.579 
0.581 
0.578  
* Bn denotes branch #n. Branch labels are the same as those in Figure 3.2. 
** Under this column, Lost and Retained mean genes that are missing or retained in all 
12 sequenced Prochlorococcus genomes. 
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Table 4.2: dN/dS ratios of DNA repair genes that are lost and retained in the HL 
Prochlorococcus clade. 
Gene Product/COG Name dN/dS* Protein Function 
Genes lost in HL Prochlorococcus 
CDC9 0.123 ATP-dependent DNA ligase 
Methylated-DNA--protein-cysteine 
methyltransferase (ATase) 
0.104 DNA_binding_1, 6-O-
methylguanine DNA 
methyltransferase 
Nudix hydrolase family 0.214 
 
 
RecQ 0.102 Superfamily II DNA helicase  
Helicase superfamily domain 
SSL2 
0.102 DNA or RNA helicases of 
superfamily II 
Helicase 0.173  
Lig 0.096 NAD-dependent DNA ligase  
XseA 0.171 Exonuclease VII, large subunit  
RecJ 0.146 Single-stranded DNA-specific 
exonuclease  
MutY 0.099  A/G-specific DNA glycosylase  
Genes retained in HL Prochlorococcus 
All orthologs  0.088  
DNA repair genes  0.079  
* Mean values of all pairwise dN/dS ratios between Synechococcus genomes were 
reported for individual DNA repair genes. Nudix hydrolase gene is also missing in 
S.CC9311 and ATase gene is missing in S.WH7803, and therefore the reported values 
are calculated from only the four remaining Synechococcus genomes. For the two sets 
of retained genes, I first took the median of the entire set and then averaged among all 
pairs. 
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Table 4.3: dN/dS ratios of the genes that are potentially involved in the nitrogen 
assimilation pathways in the HL Prochlorococcus genomes. 
 
 
*The reported dN/dS ratios were averaged from all pairswise ratios between the 6 HL 
Prochlorococcus genomes. 
**The Prochlorococcus genome level mean was based on 1181 common 
Prochlorococcus orthologous gene sets after excluding those with “0” and “99” values.  
Gene Protein Product dN/dS* 
narB Nitrate reductase Lost 
nirA Nitrite reductase Lost 
 
moaB 
Molybdopterin biosynthesis enzyme, 
cofactor for nitrate reductase 
Lost 
gdhA Glutamate dehydrogenase Lost 
amtB Ammonia permease/ transporter 0.023 
gltB Glutamate synthase (GOGAT) 0.026 
gltS Na+/glutamate symporter 0.045 
glnA Glutamine synthetase (GS) 0.008 
Genome mean**  0.053 
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Figure 4.1. Ancestor-derived genes that were lost in the Prochlorococcus but are 
retained in the extant marine Synechococcus genomes. 
A subset of 1641 ancestor-derived genes was identified from the 2028 genes in the last 
common ancestor by their presence in the 5 marine Synechococcus genomes (ASO). 
This subset is further divided into loss-in-Prochlorococcus group (Lost) and retained-
in-Prochlorococcus groups (Retained). 
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Figure 4.2. The history of Prochlorococcus gene loss, reconstructed from the subset 
of ancestral genes that are conserved in the marine Synechococcus genomes. 
Prochlorococcus gene losses in the context of the subset of Synechococcus ancestor-
derived genes are reported on the ancestral branches in red. Branch labels are the same 
as those in Figure 3.2. Numbers of the lost genes and the retained genes on the branches 
and the mean dN/dS ratios and Codon Adaptation Index are summarized in Table 4.1.  
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Figure 4.3. dN/dS distributions of the Lost and the Retained genes.  
Blue represents a subset of the Ancestor-derived Synechococcus Orthologs (ASO) 
whose orthologs are retained in all 12 sequenced Prochlorococcus genomes. Red 
represents a subset of the ASO whose Prochlorococcus counterparts were lost during 
the early genome reduction on branch #1 and branch #2. 
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Figure 4.4. Functional profiles of representative marine Synechococcus and 
Prochlorococcus genomes and of the Ancestor-derived Synechococcus Orthologs 
set (ASO). 
Functions were assigned to protein sequences that had significant hits in the Entrez 
Conserved Domain Database (CDD) of Clusters of Orthologous Groups of proteins 
(COGs). A whole pie depicts the COG annotated gene pool of a genome. Each color 
represents a functional category of the COGs. Area under each color is the gene density 
in that COG category.  
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Figure 4.5. Functional distribution and dN/dS ratios of the Lost group during 
Prochlorococcus genome reduction. 
A. Maroon area indicates the percentage of genes that were deleted in Prochlorococcus 
during the early genome reduction period in the subset of ancestor-derived 
Synechococcus orthologs (ASO) for a particular COG functional category or for the 
group with no defined COG annotation (No_COG). COG abbreviations: C: Energy 
production and conversion; E: Amino acid transport and metabolism; F: Nucleotide 
transport and metabolism; G: Carbohydrate transport and metabolism; H: Coenzyme 
metabolism; I: Lipid metabolism; J: Translation, ribosomal structure and biogenesis; K: 
Transcription; L: DNA replication, recombination and repair; M: Cell envelope 
biogenesis, outer membrane; O: Posttranslational modification, protein turnover, 
chaperones; P: Inorganic ion transport and metabolism; R: general function prediction 
only; S: Function unknown; T: Signal transduction mechanisms; U: Intracellular 
trafficking and secretion; V: Defense mechanism. 
 
B. Different dN/dS ratios between Prochlorococcus lost genes and retained genes across 
functional groups. Maroon bars represent average levels of dN/dS ratios of ASO genes 
whose orthologs were lost in Prochlorococcus during the early genome reduction 
period, and purple bars are for those genes whose orthologs were retained in 
Prochlorococcus immediately after the early genome reduction at the ancestral node 
between branch #2 and branch #3.  
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CHAPTER 5 
SUMMARY 
 
My dissertation investigated the process of genome size evolution of a group of 
marine cyanobacteria Prochlorococcus and the evolutionary mechanism of gene loss. In 
Chapters 2 through 4, I demonstrate that (1) small size of Prochlorococcus genomes 
was largely determined by massive gene loss early in the evolution of Prochlorococcus 
shortly after its split from marine Synechococcus (Chapter 2), (2) strong purifying 
selection occurred during the period when the Prochlorococcus genome contracted 
(Chapter 3), (3) mutation rate increased during the process of genome reduction 
probably due to loss of DNA repair genes (Chapter 3), and (4) the genes lost from the 
Prochlorococcus genomes are from nearly all functional categories and mostly have 
small fitness effect (Chapter 4).  
These results were not apparent from the comparison of just a few genomes. 
Often genome reductions are thought of as a progressive and ongoing process Perez-
Brocal et al. 2006, 312-313; Moran, McLaughlin, and Sorek 2009, 379-382; Rocap et 
al. 2003, 1042-1047). In Prochlorococcus the genome reduction process occurred early 
in the evolution of this group and particular clades have increased in size since that time 
(Figure 2.4). This is different from the evolutionary pattern observed in endosymbionts, 
where little opportunity for gene gain exists and the gradual loss of genes is still an 
ongoing process (Tamas et al. 2002, 2376-2379). 
In spite of different physiology observed between Prochlorococcus ecotypes 
(Moore and Chisholm 1999, pp. 628-638; Moore, Rocap, and Chisholm 1998, 464-467; 
Johnson et al. 2006, 1737-1740; West and Scanlan 1999, 2585-2591), the small sizes 
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and reductive characteristics of present-day Prochlorococcus genomes were shaped by 
ancestral environmental conditions before the radiation of most Prochlorococcus 
lineages, and thus also before the divergence of the HL and LL groups. Unlike 
endosymbionts—for which the host-dependent lifestyle guarantees a highly constant 
and protective environment—the environment for Prochlorococcus is likely to have 
been more variable over time. The forces that drove Prochlorococcus genome reduction 
may not still persist. My result separates out the reduction process from the current 
state, thus decoupling genome reduction from current ecological niches. I would 
suggest division of Prochlorococcus evolutionary history into three substages: genome 
reduction, genome diversification (radiation of Prochlorococcus) and ecological niche 
specialization.  
In microbial species, and particularly among the free-living bacteria, effective 
population sizes are generally large enough to enable natural selection to inhibit the 
accumulation of introns, mobile elements and excess intergenic DNA (Lynch 2006, 
327-349). In the case of Prochlorococcus, it’s likely that extremely efficient selection 
further streamlined the genomic structure by selecting against less functionally 
constrained sequences to better cope with a nutrient limited environment.  
An important question to consider is how the history of genome reduction in 
Prochlorococcus might affect the evolution of this genus in a changing climate? Do 
Prochlorococcus genomes have the evolutionary potential to cope with varying 
environmental parameters? The answer is that Prochlorococcus genomes are probably 
comparable to other microbial genomes in that regard. Given their large population 
sizes and ability to exchange genetic material, Prochlorococcus genomes are unlikely to 
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be evolutionary dead-ends. The enormous abundance and wide vertical distribution of 
diverse Prochlorococcus ecotypes in the oligotrophic oceans have already demonstrated 
their evolutionary capabilities even with a small genome size. Future studies of the 
population dynamics of Prochlorococcus will provide greater insights into the 
evolutionary and ecological potential of this group of organisms. 
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